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PREFACE TO THE FIRST ENGLISH EDITION 

I mi present volume of our Theoretical Physics deals with the theory of 
i l.istii ity. 

Il< ing written by physicists, and primarily for physicists, it naturally 
■ ihides not only the ordinary theory of the deformation of solids, but also 
.. topics not usually found in textbooks on the subject, such as thermal 

* 'induction and viscosity in solids, and various problems in the theory of 

I I e,i K vibrations and waves. On the other hand, we have discussed only 
vi iv briefly certain special matters, such as complex mathematical methods 
in the theory of elasticity and the theory of shells, which are outside the scope 
nl this hook. 

i >ui ih oiks are due to Dr. Sykes and Dr. Reid for their excellent trans¬ 
lation of the book. 

Moscow L. D. Landau 

E. M. Lifshitz 

PREFACE TO THE SECOND ENGLISH EDITION 

\ win. as some minor corrections and additions, a chapter on the macro- 

.pii theory of dislocations has been added in this edition. The chapter has 

In ni written jointly by myself and A. M. Kosevich. 

\ number of useful comments have been made by G. I. Barenblatt, V. L. 

• .in/luirg, M. A. Isakovich, I. M. Lifshitz and I. M. Shmushkevich for the 
I',, i in edition, while the vigilance of Dr. Sykes and Dr. Reid has made it 
i .1 ihlr to eliminate some further errors from the English translation. 

I , I •< ni LI like to express here my sincere gratitude to all the above-named. 

\ E. M. Lifshitz 
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NOTATION 

p density of matter 
u displacement vector 

1 / dui duk\ 

Uik = --f-strain tensor 

2 \dx k dxj 

oik stress tensor 
K modulus of compression 
modulus of rigidity 
Young’s modulus 
a Poisson’s ratio 
ci longitudinal velocity of sound 
ct transverse velocity of sound 

Ci and Ct are expressed in terms of K, p or of E, a by formulae given in 

§ 22 . 

The quantities K, p, E and a are related by 
E = 9Kpj(3K+ p) 
a = (3K-2p)l2(3K+p) 

W = £73(1-2a) 

p = £/2(l + a) 


CHAPTER I 


FUNDAMENTAL EQUATIONS 

§1. The strain tensor 

The mechanics of solid bodies, regarded as continuous media, forms the 
content of the theory of elasticity.\ 

Under the action of applied forces, solid bodies exhibit deformation to 
some extent, i.e. they change in shape and volume. The deformation ol a 
body is described mathematically in the following way. The position ol any 
point in the body is defined by its radius vector r (with components ,vi ,v, 
x 2 = y, x 3 = 2 ) in some co-ordinate system. When the body is deformed, 
every point in it is in general displaced. Let us consider some particular 
point; let its radius vector before the deformation be r, and after the deforma¬ 
tion have a different value r' (with components x'i). The displacement ol 
this point due to the deformation is then given by the vector r' - r, which we 
shall denote by u: 

W{ = x'i — Xi. (1.1) 

The vector u is called the displacement vector. The co-ordinates x'i ol the 
displaced point are, of course, functions of the co-ordinates x t of the point 
before displacement. The displacement vector wj is therefore also a function 
of the co-ordinates x\. If the vector u is given as a function of *j, the defor¬ 
mation of the body is entirely determined. 

When a body is deformed, the distances between its points change. I ,et 
us consider two points very close together. If the radius vector joining (hem 
before the deformation is dxu the radius vector joining the same two points 
in the deformed body is dx't = dxi + dui. The distance between the points 
is dl = y/(dvj 2 + dx- 2 2 + da" 3 2 ) before the deformation, and dl' V{dx'f I 
+ dxf 2 + dx' 3 2 ) after it. Using the general summation rule,;]: we can write 
dl 2 = d xi 2 , dl ' 2 = d x'i 2 = (dxi + dui) 2 . Substituting dui = (0tq/AvQd,\>, we 
can write 

dui dui dui 

dl ' 2 = d / 2 + 2-dxj dxfc 4 -d.%> d.vj. 

dx k dxjc dxi 

Since the summation is taken over both suffixes i and h in the second term 
on the right, we can put [duijdxh)dxidxi c {Sutldxi)dxidx k . In the third 

t The lmsio r<|u:ilioiiK olVIaslirity llirory were eMlnl.Inhnl in (lie IK.'U’shv ((AlienV Mint l.y I'm-, hm 

+ In lieciinll.riie willi (lie Il-Iilill ml.., we III.III (lie ni H n ,.1 .11,ml..,1, nvi-i Hint lemur ii.iMIm -i 

SumriillHon uver (lie viilueH I, ■>. i i-i unite,I,mil will. I lu nil nulli*.-, will. I, ..|.|„ll. luu e 1,1 „ 

Kivcji term. 
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term, we interchange the suffixes i and /. Then dl' 2 takes the final form 

d/' 2 = dZ 2 + 2 tinc dxi dxk, ( 1 . 2 ) 

where the tensor uac is defined as 

1/ dui du k dm 8ui\ 

“«~2\d^ + ~te, + ( ’ 

These expressions give the change in an element of length when the body is 
deformed. 

The tensor u\ k is called the strain tensor. We see from its definition that 
it is symmetrical, i.e. 

uik = um. ( 1 - 4 ) 

This result has been obtained by writing the term 2 (duildx k )dxi d.v* in dl' 2 
in the explicitly symmetrical form 


/ du{ duk 
\ dx k dxi 


j d xi dx k - 


Like any symmetrical tensor, uik can be diagonalised at any given point. 
This means that, at any given point, we can choose co-ordinate axes (the 
principal axes of the tensor) in such a way that only the diagonal components 
«n, M22, M33 of the tensor u ik are different from zero. These components, the 
principal values of the strain tensor, will be denoted by « (1) , u <2 \ k ( 3) . It should 
be remembered, of course, that, if the tensor ua c is diagonalised at any point 
in the body, it will not in general be diagonal at any other point. 

If the strain tensor is diagonalised at a given point, the element of length 
(1.2) near it becomes 

dl' 2 = (8 ik + 2 Uik) dxi dxfc 
= (1 + 2 ;m<D) dx^ + (1 + 2w <2) ) dx 2 2 + (1 + 2 m ( 2 >) d* 3 2 . 

We see that the expression is the sum of three independent terms. This 
means that the strain in any volume element may. be regarded as composed 
of independent strains in three mutually perpendicular directions, namely 
those of the principal axes of the strain tensor. Each of these strains is a 
simple extension (or compression) in the corresponding direction: the length 
d*i along the first principal axis becomes dx'i = y'il +2u a) ) dxi, and simi¬ 
larly for the other two axes. The quantity -\/(l + 2 « (() ) — 1 is consequently 
equal to the relative extension (dx'j — dxi)jdxi along the zth principal axis. 

In almost all cases occurring in practice, the strains are small. This means 
that the change in any distance in the body is small compared with the 
distance itself. In other words, the relative extensions are small compared 
with unity. In what follows we shall suppose that all strains are small. 

If a body is subjected to a small deformation, all the components of the 
strain tensor are small, since they give, as we have seen, the relative changes 
in lengths in the body. The displacement vector uj, however, may 
sometimes be large, even for small strains, f or example, let us consider a 
long thin rod. liven for a large deflection, in which the ends of the rod move 
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a considerable distance, the extensions and compressions in the rod itself 
will be small. 

Except in such special cases,f the displacement vector for a small defor 
mation is itself small. For it is evident that a three-dimensional hotly (i.e. 
one whose dimension in no direction is small) cannot be deformed in such a 
way that parts of it move a considerable distance without the occurrence of 
considerable extensions and compressions in the botiy. 

Thin rods will be discussed in Chapter II. In other cases ui is small foi 
small deformations, and we can therefore neglect the last term in the general 
expression ( 1 . 3 ), as being of the second order of smallness. Thus, for small 
deformations, the strain tensor is given by 



The relative extensions of the elements of length along the principal axes of 
the strain tensor (at a given point) are, to within higher-order quantities, 
\/(l+2 m < ‘ ) )— 1 s: m (<) , i.e. they are the principal values of the tensor r i n . 

Let us consider an infinitesimal volume element d V, and find its volume 
dV' after the deformation. To do so, we take the principal axes of the attain 
tensor, at the point considered, as the co-ordinate axes. Then the elements of 
length dxi, dx 2 , dx 3 along these axes become, after the deformation, d.v'i 
= ( 1 +m ( 1> ) dxi, etc. The volume dV is the product d.n dx 2 djey, while dl ' 
is dx'idx'idx'a. Thus dV = dV(\ +«< 1 >)(1 +w < 2 >)(1 -| h (:!> ). Neglecting highci 
order terms, we therefore have dV' = dV(l \ ■m (,) | m (2) -| u< :,) ). The sum 
u<1> + m< 2 > + m®> of the principal values of a tensor is well known to be invariant, 
and is equal to the sum of the diagonal components uu U\\ | «•».. | in 
any co-ordinate system. Thus 

dV' — dF(l +U(i). (!.(,) 

We see that the sum of the diagonal components of the strain tensor is the 
relative volume change (dV — dV)/dV. 

It is often convenient to use the components of the strain tensor in sphei ieal 
or cylindrical co-ordinates. We give here, for reference, the corresponding 
formulae, which express the components in terms of the derivatives of tin- 
components of the displacement vector in the same co-ordinates. In sphei ieal 
co-ordinates r, 6 , cf>, we have 
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In cylindrical co-ordinates r, <f>, z, 


du r 


1 du 6 U r 


du z 

dr ’ 

= 

= ~ TjY-’ 

r of r 

U ZZ — 

dz ’ 

1 

du z 

du* „ 

du r 

du z 

= — 


-, 2u rz = 

: - }- 

— 

r 

d(j> 

dz 

dz 

dr ’ 


du 5 u, 1 du r 

2u r $ - — I rj 

or r r dtp 



§2. The stress tensor 

In a body that is not deformed, the arrangement of the molecules corre¬ 
sponds to a state of thermal equilibrium. All parts of the body are in mechani¬ 
cal equilibrium. This means that, if some portion of the body is considered, 
the resultant of the forces on that portion is zero. 

When a deformation occurs, the arrangement of the molecules is changed, 
and the body ceases to be in its original state of equilibrium. Forces there¬ 
fore arise which tend to return the body to equilibrium. These internal 
forces which occur when a body is deformed are called internal stresses. If 
no deformation occurs, there are no internal stresses. 

The internal stresses are due to molecular forces, i.e. the forces of inter¬ 
action between the molecules. An important fact in the theory of elasticity is 
that the molecular forces have a very short range of action. Their effect 
extends only to the neighbourhood of the molecule exerting them, over a 
distance of the same order as that between the molecules, whereas in the 
theory of elasticity, which is a macroscopic theory, the only distances con¬ 
sidered are those large compared with the distances between the molecules. 
The range of action of the molecular forces should therefore be taken as zero 
in the theory of elasticity. We can say that the forces which cause the internal 
stresses are, as regards the theory of elasticity, “near-action” forces, which act 
from any point only to neighbouring points. Hence it follows that the forces 
exerted on any part of the body by surrounding parts act only on the surface 
of that part. 

The following reservation should be made here. The above asserioon is 
not valid in cases where the deformation of the body results in macroscopic 
electric fields in it (pyroelectric and piezoelectric bodies). We shall not discuss 
such bodies in this book, however. 

Let us consider the total force on some portion of the body. Firstly, this 
total force is equal to the sum of all the forces on all the volume elements in 
that portion of the body, i.e. it can be written as the volume integral J F d V, 
where F is the force per unit volume and FdFthc force on the volume element 
d V. Secondly, the forces with which various parts of the portion considered 
act on one another cannot give anything but zero in the total resultant force, 
since they cancel by Niwtoin’s third law. The required total lon e can there¬ 
fore be regarded as the sum of the forces exerted on the given portion of the 
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body by the portions surrounding it. From above, however, these forces act 
on the surface of that portion, and so the resultant force can be represented 
as the sum of forces acting on all the surface elements, i.e. as an integial 
over the surface. 

Thus, for any portion of the body, each of the three components J'/qdl' 
of the resultant of all the internal stresses can be transformed into an integral 
over the surface. As we know from vector analysis, the integral of a sealai 
over an arbitrary volume can be transformed into an integral over the surface 
if the scalar is the divergence of a vector. In the present case we have t In- 
integral of a vector, and not of a scalar. Hence the vector 1<\ must be tin- 
divergence of a tensor of rank two, i.e. be of the form 

Ft - do ik jdx k . ( 2 . 1 ) 

Then the force on any volume can be written as an integral over the closed 
surface bounding that volume :f 

h dv -li£ dv -fa^ 

where d[/) are the components of the surface element vector df, directed (as 
usual) along the outward normal. J 

'The tensor a ik is called the stress tensor. As we see from (2.2), ir u i\f k is the 
zth component of the force on the surface element df. By taking elements 
of area in the planes of xy,yz, zx, we find that the component , Hk of the si less 
tensor is the zth component of the force on unit area perpendicular to the 
Xfc-axis. I-or instance, the force on unit area perpendicular to the x axis, 
normal to the area (i.e. along the x-axis) is u xx , and the tangential forces 
(along the y and z axes) are a yx and <j zx . 

The following remark should be made concerning the sign of the lone 

<Hkdf k . The surface integral in (2.2) is the force exerted on the vol. . 

enclosed by the surface by the surrounding parts of the body. The force 
which this volume exerts on the surface surrounding it is the same with the 
opposite sign. Hence, for example, the force exerted by the internal stresses 
On the surface of the body itself is — §ut k df k , where the integral is taken ovei 
the surface of the body and df is along the outward normal. 

Let us determine the moment of the forces on a portion of the body. Tin- 
moment of the force F can be written as an antisymmetrica! tensor of rank 
two, whose components are FiX k -F k Xi, where x ( are the co-ordinates of the 


f The integral over a closed surface is transformed into one over the volume rueh.sed h v 
surface by replacing the surface element by the operator dVd/dx^ 

t Strictly speaking, to determine the total force on a deformed portion of the body we »h< 
integrate, not over the old co-ordinates x h hut over the co-ordinates x\ of the points ol the dr fun 
body. The derivatives (2.1) should therefore he taken with rrspeet to .vY However, in view ol 
smallness of the deformation, the derivatives with respect to ,v ( ami x' t diller only by higher 01 
quantities, and so the derivatives can he taken wtlli rrspeet to the < ■> nidiimtr-i ,v 


(hr 

0 . 1.1 

lied 
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point where the force is applied.f lienee the moment of the lorces on the 
volume element dV is (Ftx k — F k Xi)d V, and the moment of the forces on the 
whole volume is Mik = f(F{Xk — Fkxf )d V. Like the total force on any volume, 
this moment can be expressed as an integral over the surface bounding the 
volume. Substituting the expression (2.1) for Ft, we find 

Cl foil \ , rT 

M ik = —— x k - —Xi dV 

J \ dxi oxi / 

rdfaiXic-ajclXi) Cl dx k dx{\ 

= --- dV— on- - o k i -— dV. 

J oxi J \ oxi oxi J 

In the second term we use the fact that the derivative of a co-ordinate with 
respect to itself is unity, and with respect to another co-ordinate is zero 
(since the three co-ordinates are independent variables). Thus dxk/dxi = 8ki, 
where 8^ is the unit tensor; the multiplication gives = o-j*, u = oki- 

In the first term, the integrand is the divergence of a tensor; the 
integral can be transformed into one over the surface. The result is 
Mac = §(oax k -<JraXi)dfi+ <j ik )dV. If M ik is to be an integral over the 

surface only, the second term must vanish identically, i.e. we must have 

oik = o k i. (2.3) 

Thus we reach the important result that the stress tensor is symmetrical. 
The moment of the forces on a portion of the body can then be written 
simply as 

Mi k = J {FiXk - F k Xi ) dV = j(oaXk - okixf) d 'fi- (2.4) 

It is easy to find the stress tensor for a body undergoing uniform com¬ 
pression from all sides ( hydrostatic compression). In this case a pressure of 
the same magnitude acts on every unit area on the surface of the body, and its 
direction is along the inward normal. If this pressure is denoted by p, a force 
—pdfi acts on the surface element d/j. This force, in terms of the stress 
tensor, must be o ik df k . Writing —pdfi = —pSikdfk, we see that the stress 
tensor in hydrostatic compression is 

Oik — —p&ik- (2.5) 

Its non-zero components are simply equal to the pressure. 

In the general case of an arbitrary deformation, the non-diagonal com¬ 
ponents of the stress tensor are also non-zero. This means that not only a 
normal force but also tangential (shearing) stresses act on each surface 
element. These latter stresses tend to move the surface elements relative to 
each other. 

t The moment of the force F is defined as the vector product F X r, mid we know from vector 
analysis that the components of a vector product form an nntisymmctricnl tensor ot rank two as written 
here. 
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In equilibrium the internal stresses in every volume element must balance, 
i.e. we must have Ft = 0. Thus the equations of equilibrium for a deformed 
body are 

doikfixk = 0. (2. ft) 

If the body is in a gravitational field, the sum F + pg of the internal stresses 
and the force of gravity (pg per unit volume) must vanish; p is the density j anti 
g the gravitational acceleration vector, directed vertically downwards. In 
this case the equations of equilibrium are 

doikldx k + pgi = 0. ( 2 . 7 ) 

The external forces applied to the surface of the body (which are the usual 
cause of deformation) appear in the boundary conditions on the equations of 
equilibrium. Let P be the external force on unit area of the surface of the 
body, so that a force P d If acts on a surface element df. In equilibrium, this 
must be balanced by the force — ai k d f k of the internal stresses acting on that 
element. Thus we must have Pi df— oi k df k = 0. Writing df k ///, d/, 
where n is a unit vector along the outward normal to the surface, we find 


This is the condition which must be satisfied at every point on the surface ol 
a body in equilibrium. 

We shall derive also a formula giving the mean value of the stress tensor 
in a deformed body." To do so, we multiply equation (2.6) by x k and integrate 
over the whole volume: 


, f Sx k 
- on— < 
J uXl 


The first integral on the right is transformed into a surface integral; in the 
second integral we put dxk/dxi = 8 k i. The result is §oux k dji \tr ik d I ’ 0, 

Substituting (2.8) in the first integral, we find §PiX k df = »l V I , 
where V is the volume of the body and dj* the mean value of the stress tensoi 
Since on c = o k t, this formula can be written in the symmetrical form 


Oik — (1/2F) <j> (PiXk + PkXi) df. 


Thus the mean value of the stress tensor- can be found immediately from ifie 
external forces acting on the body, without solving the equations of cquili 
brium. 


t Strictly speaking, the density of a body change 
change, however, involves higher-order quantities in 
unimportant. 
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§3. The thermodynamics of deformation 

Let us consider some deformed body, and suppose that the deformation 
is changed in such a way that the displacement vector m changes by a small 
amount Suf, and let us determine the work done by the internal stresses in 
this change. Multiplying the force F t = dou-jdxk by the displacement Su L and 
integrating over the volume of the body, we have JSjR dV = f(d<rnt/dxt)8ui dV, 
where SR denotes the work done by the internal stresses per unit volume. 
We integrate by parts, obtaining 

j' SR d V — (j) oijcSiii dfk— j dV. 

By considering an infinite medium which is not deformed at infinity, we 
make the surface of integration in the first integral tend to infinity; then 
oik — 0 on the surface, and the integral is zero. The second integral can, 
by virtue of the symmetry of the tensor o ik , be written 



= —j oikSuik dV. 


Thus we find 

SR — —oikSuik. (3.1) 

This formula gives the work SR in terms of the change in the strain tensor. 

If the deformation of the body is fairly small, it returns to its original 
undeformed state when the external forces causing the deformation cease 
to act. Such deformations are said to be elastic. For large deformations, the 
removal of the external forces does not result in the total disappearance of the 
deformation; a residual deformation remains, so that the state of the body is 
not that which existed before the forces were applied. Such deformations 
are said to be plastic. In what follows we shall consider only elastic defor¬ 
mations. 

We shall also suppose that the process of deformation occurs so slowly 
that thermodynamic equilibrium is established in the body at every instant, 
in accordance with the external conditions. This assumption is almost always 
justified in practice. The process will then be thermodynamically reversible. 

In what follows we shall take all such thermodynamic quantities as the 
entropy S, the internal energy «?, etc., relative to unit volume of the body,f 

f The following remark should be made here. Strictly speaking, the unit volumes before and after 
the deformation should be distinguished, since they in general contain different amounts of matter. 
We shall always relate the thermodynamic quantities to unit volume of the undeformed body, i.c. 
to the amount of matter therein, which may occupy a different volume alter the deformation. Accord- 
ingly, the total energy of the body, for example, is obtained by integrating over the volume of the 
undeformed body. 
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and not relative to unit mass as in lluid mechanics, and denote them by tin- 
corresponding capital letters. 

An infinitesimal change dS in the internal energy is equal to the dillciem e 
between the heat acquired by the unit volume considered and the vvmk dA’ 
done by the internal stresses. The amount of heat is, for a reversible process, 
TdS, where T is the temperature. Thus dr? = TdS—dR; with dA.’ given 
by (3.1), we obtain 

d<? TdS -{-one duik. (8.. ) 

This is the fundamental thermodynamic relation for deformed bodies. 

In hydrostatic compression, the stress tensor is oik = —pSu- (2.5). Then 
oik d uik — —pSik dua = —p dun. We have seen, however (ef. (1 .(>)), that I In- 
sum uu is the relative volume change due to the deformation. I f we eunsidci 
unit volume, therefore, Uu is simply the change in that volume, ami dr/// is 
the volume element dV. The thermodynamic relation then takes its usual hum 

dr? = TdS-pdF. 

Introducing the free energy of the body, F = £-TS, we find the hum 

d.F = — SdT+oik duik (hi) 

of the relation (3.2). Finally, the thermodynamic potential 'l» is defined as 

O = S’—TS—oikUik = F—oiktiik • (h-l) 

This is a generalisation of the usual expression O = £ — TS | />I .j Sub-.ti 
tuting (3.4) in (3.3), we find 

dO = — SdT—uik doik- ( k‘>) 

The independent variables in (3.2) and (3.3) are respectively .S', ;/,< and 
T, • The components of the stress tensor can be obtained by different laliug 
£ or F with respect to the components of the strain tensor, lot constant 
entropy S or temperature T respectively: 

oik = ( d£jditik)s = ( dF/duik)r■ ( h<>) 

Similarly, by differentiating O with respect to the components <i u , we can 
obtain the components %: 

uik = -(90 ld, H k)r. ( 8 . 7 ) 

t For hydrostatic compression, tlic expression fit.'I) heroines ‘I 1 F ! I 1 ' | /.( I 

where V -F„ is tile volume elinn K e resultm/; Iroin the ilelormillion. Ileme we see Unit (lie ilelinilioii 
of <K used here dilters l.y 11 term /if,, limn tie- lemiil delniilion <P | f,l-. 
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§4 

§4. Hooke’s law 

In order to be able to apply the general formulae of thermodynamics to 
any particular case, we must know the free energy F of the body as a function 
of the strain tensor. This expression is easily obtained by using the fact that 
the deformation is small and expanding the free energy in powers of «**. We 
shall at present consider only isotropic bodies. The corresponding results 
for crystals will be obtained in §10. 

In considering a deformed body at some temperature (constant throughout 
the body), we shall take the undeformed state to be the state of the body in the 
absence of external forces and at the same temperature; this last condition is 
necessary on account of the thermal expansion (see §6). Then, for Uik = 0, 
the internal stresses are zero also, i.e. cr** = 0. Since ow = dF/duuc, it 
follows that there is no linear term in the expansion of F in powers of Uik- 

Next, since the free energy is a scalar, each term in the expansion of F 
must be a scalar also. Two independent scalars of the second degree can be 
formed from the components of the symmetrical tensor uik’. they can be 
taken as the squared sum of the diagonal components {uffi) and the sum of 
the squares of all the components ( Uik 2 ). Expanding F in powers of uik, we 
therefore have as far as terms of the second order 

F — Fo + \\uii 2 + /JiUik 2 . (4.1) 

This is the general expression for the free energy of a deformed isotropic 
body. The quantities A and p are called Lame coefficients. 

We have seen in §1 that the change in volume in the deformation is given 
by the sum tin. If this sum is zero, then the volume of the body is unchanged 
by the deformation, only its shape being altered. Such a deformation is 
called a pure shear. 

The opposite case is that of a deformation which causes a change in the 
volume of the body but no change in its shape. Each volume element of the 
body retains its shape also. We have seen in §1 that the tensor of such a 
deformation is uik = constant x S**. Such a deformation is called a hydro¬ 
static compression. 

Any deformation can be represented as the sum of a pure shear and a j 
hydrostatic compression. To do so, we need only use the identity ! 

iHk = {uik—\hkUii)+\hikUn. (4.2) 

The first term on the right is evidently a pure shear, since the sum of its 
diagonal terms is zero (§u — 3). The second term is a hydrostatic compres- , 
sion. 

As a general expression for the free energy of a deformed isotropic body, 
it is convenient to replace (4.1) by another formula, using this decomposition 
of an arbitrary deformation into a pure shear and a hydrostatic compression. 

We take as the two independent scalars of the second degree the sums of the 
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squared components of the two terms in (4.2). Then /' becomes) 

F = ffiuik-iSikUiif+lKiffi 2 . (4.3) 

The quantities K and p are called respectively the bulk modulus or modulus of 
hydrostatic compression {ox simply the modulus of compression) and the shnn 
modulus or modulus of rigidity. K is related to the Lame coefficients by 

K — A4-§ p. (4.4) 

In a state of thermodynamic equilibrium, the free energy is a minimum. 
If no external forces act on the body, then F as a function of uu~ must have a 
minimum for = 0. This means that the quadratic form (4.3) must be 
positive. If the tensor uik is such that uu = 0, only the first term remains 
in (4.3); if, on the other hand, the tensor is of the form ua = constant x<S lt , 
then only the second term remains. Hence it follows that a necessary (and 
evidently sufficient) condition for the form (4.3) to be positive is that each 
of the coefficients K and p is positive. Thus we conclude that the moduli of 
compression and rigidity are always positive: 

K > 0, p > 0. (4.3) 

We now use the general thermodynamic relation (3.6) to determine tin- 

stress tensor. To calculate the derivatives dFjduik, we write the total differ 
ential d F (for constant temperature): 

d F = Kiln dua + 2[j.(uik — luiiSik) d(iiik — lunSik). 

In the second term, multiplication of the first parenthesis by 8u c gives zero, 
leaving dE = Kun d«p + 2p(«p;— \un%ik) dw«r, or writing d uu A a- d//</,, 

d F = [Kuii8ik+2fi{uik—luuSik)] d;/ w . 

Hence the stress tensor is 

aik — KunSik + 2jj.{uik - f&ikUa). (4.6) 

This expression determines the stress tensor in terms of the strain tensoi lot 
an isotropic body. It shows, in particular, that, if the deformation is a pure 
shear or a pure hydrostatic compression, the relation between <r (A: and uu. is 
determined only by the modulus of rigidity or of hydrostatic compression 
respectively. 

It is not difficult to obtain the converse formula which expresses r/p in 
terms of crik- To do so, we find the sum an of the diagonal terms. Since ilus 
sum is zero for the second term of (4.6), we have an 3Ku-n , or 

uu = ou/3K. (4.7) 

f The constant term F 0 is the free energy of the. undrforrned hotly, and is of no further inleirnt. 
Wc shall therefore omit it, for brevity, talcing F to he only the free energy of the deformation (the 
elastic free energy, as it is called). 
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Substituting this expression in (4.0) and so determining mic, we lind 

Uik = ^ik^lll^K+{ai] c — \8ikoii)l2fJi,, 


which gives the strain tensor in terms of the stress tensor. 

Equation (4.7) shows that the relative change in volume ( uu ) in any 
deformation of an isotropic body depends only on the sum an of the diagonal 
components of the stress tensor, and the relation between uu and an is 
determined only by the modulus of hydrostatic compression. In hydrostatic 
compression of a body, the stress tensor is one = —/>§«. Hence we have 
in this case, from (4.7), 

uu = -p/K. (4.9) 

Since the deformations are small, uu and p are small quantities, and we can 
write the ratio Unjp of the relative volume change to the pressure in the 
differential form (1 IV)(dV/dp) r . Thus 

1 _ 1 /dV\ 

~K ~ ~~ T\dplT 

The quantity 1 /K is called the coefficient of hydrostatic compression (or simply 
the coefficient of compression). 

We see from (4.8) that the strain tensor ua is a linear function of the stress 
tensor crj&. That is, the deformation is proportional to the applied forces. 

This law, valid for small deformations, is called Hooke's law. f 

We may give also a useful form of the expression for the free energy of a 
deformed body, which is obtained immediately from the fact that F is quad¬ 
ratic in the strain tensor. According to Euler’s theorem, u^dF/du^ = 2 F, 
whence, since dF/dunc = an-, we have 

F — \oikUik. (4-10) 

If we substitute in this formula the Uac as linear combinations of the 
components o-j*, the elastic energy will be represented as a quadratic function 
of the a tic- Again applying Euler’s theorem, we obtain o ik dF!do ik = 2 F, and 
a comparison with (4.10) shows that 

u ik = dF/doa. (4-11) 

It should be emphasised, however, that, whereas the formula cr ifc = dF/dua 
is a general relation of thermodynamics, the inverse formula (4.11) is applic- I 
able only if Hooke’s law is valid. 

f Hookf/s law is actually applicable to almost all clastic deformation. The reason is that deforma¬ 
tions usually cease to be elastic when they art; still so small that I Iookk’h law is a j?ond approximation. 
Substances such as rubber form an exception. 
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§5. Homogeneous deformations 

Let us consider some simple cases of what are called homogeneous deforma¬ 
tions, i.e. those in which the strain tensor is constant throughout the volume 
of the body. For example, the hydrostatic compression already considered 
is a homogeneous deformation. 

We first consider a simple extension (or compression) of a rod. Let the 
rod be along the ar-axis, and let forces be applied to its ends which stretch il 
in both directions. These forces act uniformly over the end surfaces of the 
rod; let the force on unit area be p. 

Since the deformation is homogeneous, i.e. u ik is constant through tlu- 
body, the stress tensor a lk is also constant, and so it can be determined at once 
from the boundary conditions (2.8). There is no external force on the sides 
of the rod, and therefore cr«w fc = 0. Since the unit vector n on the side of the 
rod is perpendicular to the a-axis, i.e. n z = 0, it follows that all the com¬ 
ponents aik except a zz are zero. On the end surface we have o zi m = p, or 

Ozz = p. 

From the general expression (4.8) which relates the components of tin- 
strain and stress tensors, we see that all the components u ik with i j-. h air- 
zero. For the remaining components we find 


U XX — Uyy — — - 


3k) P ‘ ““ " 3(i + ;) f - 


The component u zz gives the relative lengthening of the rod. The coeffi¬ 
cient of p is called the coefficient of extension , and its reciprocal is the modulus 
of extension or Young's modulus, E: 

u Z z — pjE, (5.2) 


E = 9Kjj.l(3K+jx). (5..1) 

The components u xx and u yy give the relative compression of the rod in I In- 
transverse direction. The ratio of the transverse compression to the longi¬ 
tudinal extension is called Poisson’s ratio, of 




f The use of a to <lrn 
not leatl to ambiguity, .« 
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Since A. and fi are always positive, 1‘oisson’s ratio can vary between - 1 
(for K = 0) and \ (for p, = 0). Thus f 

- 1 < or 1 (5.6) 

Finally, the relative increase in the volume of the rod is 

uu = p/3K. (5.7) 

The free energy of a stretched rod can be obtained immediately from formula 
(4.10). Since only the component a zz is not zero, we have F = \<j zz u zz , 
whence 

F = p*j2E. (5.8) 

In what follows we shall, as is customary, use E and a instead of K and /i. 
Inverting formulae (5.3) and (5.5), we havej 

/x = E/2(l+o), K = £/3(l-2o). (5.9) 

We shall write out here the general formulae of §4, with the coefficients 

expressed in terms of E and cr. The free energy is 

„ E / a \ 




2(1 + a) \ 1 -2a / v ' 

The stress tensor is given in terms of the strain tensor by 
E ( <7 \ 

°ik = - \Uiic + - -— Ulfiuc)- (5-11) 

l+cr\ 1 — lo / 

Conversely, 

tlik = [(1 + a)a i i c -(Tcrii8i lc ]IE. (5-12) 

Since formulae (5.11) and (5.12) are in frequent use, we shall give them also 
in component form: 

E s. 

° xx = '/77""vi—TTh 1 “ °) u x* + a ( u vy + u zz)], 

(l+ff)(l-2cr) 


(1 + a)(l — 2cr) 


[(1 — (FjUyy + o(ll xx -\- U z z)\, 


azz = (T+~ g ) (i_2ct) ^ 1- a ^ Uzz + a(<Uxx + Uyv ^’ 


a xy — u xy> &xz 

1 4-cr 


U xz , Oy z — -- it 

1 +cr 1 4-cr 


t In practice, Poisson’s ratio varies only between 0 and i. There are no substances known for 
which o < 0, i.e. which would expand transversely when stretched longitudinally. It may be men¬ 
tioned that the inequality cr > 0 corresponds to A > 0, where A is the Lame coefficient appearing 
in (4.1); in other words, both terms in (4.1), as well as in (4.3), are always positive in practice, although 
this is not thermodynamically necessary. Values of a close to J (e.g. for rubber) correspond to a 
modulus of rigidity which is small compared with the modulus of compression 
t The second Lam.'- coefficient is A I •.>„)(! | „). 
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and conversely 


~[ cr xx~ °’{ cr i/y + CT zz)]> 


U VV — —\pyy — (Jzz)\, 

b 


Uzz — —[ a zz~ <y( a xxF Oyy)], 
h 


Let us now consider the compression of a rod whose sides arc lixed in 
such a way that they cannot move. The external forces which cause the 
compression of the rod are applied to its ends and act along its length, which 
we again take to be along the #-axis. Such a deformation is called a 
unilateral compression. Since the rod is deformed only in the .e-direel inn, 
only the component u zz of «a- is not zero. Then we have from (5.11) 


(1 + ct)( 1 — 2d) 


E( 1 -oQ 

(1 + cr)(l — 2<r) 


Again denoting the compressing force by p (a zz = p, which is negative lor 
a compression), we have 

u zz = p(l + o)(l-2o)IE(l-o). (5-I 1 ') 

The coefficient of p is called the coefficient of unilateral compression. For the 
transverse stresses we have 

<?XX = dyy = poj(\-a). (5.l<>) 

Finally, the free energy of the rod is 

F = p 2 (l + ff)(l-2a)/2£(l-a). (3.17) 


§6. Deformations with change of temperature 

Let us now consider deformations which are accompanied by a change in 
the temperature of the body; this can occur either as a result of the doloi ilia 
tion process itself, or from external causes. 

We shall regard as the undeformed state the state of the body in the absence 
of external forces at some given temperature Tq. If the body is at a tempera 
ture T different from To, then, even if there are no external forces, it will in 
general be deformed, on account of thermal expansion. In the expansion ol 
the free energy F(T), there will therefore be terms linear, as well as quadratic, 
in the strain tensor. From the components ol the tensor 7</A. (| l rank two, 
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we can form only one linear scalar quantity, the sum uu of its diagonal com¬ 
ponents. We shall also assume that the temperature change T—Tq which 
accompanies the deformation is small. We can then suppose that the coeffi¬ 
cient of uu in the expansion of F (which must vanish for T = T 0 ) is simply 
proportional to the difference T—Tq. Thus we find the free energy to be 
(instead of (4.3)) 

F(T) = Fo(T) — Kx(T'—To)uu+ii(uiic—%8i]cUu) 2 +%Kuii 2 , (6.1) 

where the coefficient of T—To has been written as ~Ka. The quantities 
l-i, K and a can here be supposed constant; an allowance for their tempera¬ 
ture dependence would lead to terms of higher order. 

Differentiating F with respect to uu, we obtain the stress tensor: 

oik = — Kty,{ T — 7 o)S« + Kuub ik + 2ix(uiic — \8u c uu). (6.2) 

The first term gives the additional stresses caused by the change in tempera¬ 
ture. In free thermal expansion of the body (external forces being absent), 
there can be no internal stresses. Equating to zero, we find that Uik is of 
the form constant x 8 ik, and 

uu = a(T— To). (6.3) 

But Un is the relative change in volume caused by the deformation. Thus a 
is just the thermal expansion coefficient of the body. 

Among the various (thermodynamic) types of deformation, isothermal and 
adiabatic deformations are of importance. In isothermal deformations, the 
temperature of the body does not change. Accordingly, wc must put T = To 
in (6.1), returning to the usual formulae; the coefficients K and ft may there¬ 
fore be called isothermal moduli. 

A deformation is adiabatic if there is no exchange of heat between the 
various parts of the body (or, of course, between the body and the surround¬ 
ing medium). The entropy S remains constant. It is the derivative — dFjdT 
of the free energy with respect to temperature. Differentiating the expression 
(6.1), we have as far as terms of the first order in 

S(T) = So(T) + Kau u . (6.4) 

Putting S constant, we can determine the change of temperature T— To due 
to the deformation, which is therefore proportional toSubstituting this 
expression for T—To in (6.2), we obtain for a,* an expression of the usual 
kind, 

oa = K & o.uii8ik+2fx{uik—\8ikUu), (6.5) 

with the same modulus of rigidity p but a different modulus of compression 
K ad- The relation between the adiabatic modulus K a( j and the ordinary 
isothermal modulus K can also be found directly from the thermodynamic 
formula 

/dV\ / dV\ T(dVjdT) 2 

U/>/,s- U/>/ r '' r„ 
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where C v is the specific heat per unit volume at constant pressure. If 1' is 
taken to be the volume occupied by matter which before the deformation 
occupied unit volume, the derivatives 9F/3T and dVjdp give the relative 
volume changes in heating and compression respectively. That is, 

(3F/3T) P = «, (dVldp) s = -1/Kac, {dV/dp) T = -1/AT. 

Thus we find the relation between the adiabatic and isothermal moduli to he 
l/Aiad = IjK— TaPjCp, /x a d = p. (6.6) 

For the adiabatic Young’s modulus and Poisson’s ratio we easily obtain 
„ E o + ETrFj9C v 

1 — £Ta 2 /9Cp l-ETo?j9C p ' ’ 

In practice, ETc/. 2 j'C p is usually small, and it is therefore sufficiently accurate 
to put 

•Fad = E+ E 2 TcF/9Cp, c a a = o + (l + o)ETa. 2 j9C v . (6.N) 

In isothermal deformation, the stress tensor is given in terms of tin- 
derivatives of the free energy: 

oa = (dFjdu ik ) T . 

For constant entropy, on the other hand, we have (see (3.6)) 
oa = {8Sjduik)s, 

where $ is the internal energy. Accordingly, the expression analogous to 
(4.3) determines, for adiabatic deformations, not the free energy but the in 
ternal energy per unit volume : 

$ — iK&aUu 2 +p(uik — \uu8ik) 2 . ( 6 , 0 ) 

§7. The equations of equilibrium for isotropic bodies 

Let us now derive the equations of equilibrium for isotropic solid bodies. 
To do so, we substitute in the general equations (2.7) 

doikjdxk + pgi = 0 

the expression (5.11) for the stress tensor. We have 

doik Eo dun E dtlik 

dXk (l+cr)(l—2a) dXi 1+a dx k 

Substituting 
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we obtain the equations of equilibrium in the form 
E d 2 u t E d 2 ui 

2(1 + a) 3^2 + 2(1 + <t)( 1 - 2a) dx t dxi +P8i = °* (/-1) 

These equations can be conveniently rewritten in vector notation. The 
quantities d^Ui/dx^ are components of the vector A u . and duijdxi = div u. 
Thus the equations of equilibrium become 


Au+-——grad div u = 
1 — 2 a 


2(1+a) 


It is sometimes useful to transform this equation by using the vector identity 
grad div u = A u + curl curl u. Then (7.2) becomes 


grad div u 


2(1-a) 

Jl + a)(l-2a) 

1 m-°) 


curl curl u 


We have written the equations of equilibrium for a uniform gravitational 
field, since this is the body force most usually encountered in the theory of 
elasticity. If there are other body forces, the vector pg on the right-hand 
side of the equation must be replaced accordingly. 

A very important case is that where the deformation of the body is caused, 
not by body forces, but by forces applied to its surface. The equation of 
equilibrium then becomes 

(1 — 2ct)Au + grad div u = 0 (7.4) 

or 

2(1 — ct) grad div u — (l—2 ct) curl curl u = 0. (7.5) 

The external forces appear in the solution only through the boundary con¬ 
ditions. 

Taking the divergence of equation (7.4) and using the identity 
div grad = A, 

we find 

A divu = 0, (7.6) 

i.e. div u (which determines the volume change due to the deformation) is a 
harmonic function. Taking the Laplacian of equation (7.4), we then obtain 

AAu = 0, (7.7) 

i.e. in equilibrium the displacement vector satisfies the biharmonic equation. 
These results remain valid in a uniform gravitational field (since the right- 
hand side of equation (7.2) gives zero on differentiation), but not in the 
general ease of external forces which vary through the body. 
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IV 


The fact that the dtsplacement vector satisfies the biharmonic equation 
does not, of course, mean that the general integral of the equations of equili- 
bnum (in the absence of body forces) is an a.luii.uy hd.a.n.om. vn t,„ ,i 

must be remembered that the function u(.v, v , a) .,!•„> . . . ,| 1( 

order differential equation (7.4). It is possible, ho’novoi, i.,, .. ,, 

integral of the equations of equilibrium in terms of ihe denvalives ol an 
arbitrary biharmonic vector (see Problem 10). 

If the body is non-uniformly heated, an additional term appears in tin- 
equation of equilibrium. The stress tensor must include the term 

— Kx(T— To)S a 

(see (6.2)), and do ik jdx]c accordingly contains a term 

- KxdT/dxi = - [£ a /3(l - 2 o)]dT/dx { . 

The equation of equilibrium thus takes the form 


y) . 3(1-2a) 

— grad div u---- 

0/1 ■ \ 


curl curl u = oc grad T. 


1 + a 6 ~2(l+ - a) - CUrl curI u = a grail / . (7.K) 

Let us consider the particular case of a plane deformation, in which one 
component of the displacement vector («,) is zero throughout the body, 
while the components u x , u y depend only on x and y. The components 
u zz, u xz , U y Z of the strain tensor then vanish identically, and therefore so do 
the components a xz , u yz of the stress tensor (but not the longitudinal stress 
<j zz , the existence of which is implied by the constancy of the length of the 
body in the z- direction), f 

Since all quantities are independent of the co-ordinate *, the equations of 
equilibrium (in the absence of external body-forces) Ca ik jdx k 0 reduce m 
this case to two equations: 

d(J XX , d(j xy do yx dOyy 

~h —• = o, ——I--= 0. n <n 

ox dy dx dy ' ; 

The most general functions o xx , o xy , o yy satisfying these equations are of 
the form 


vxx = d 2 x/dy 2 , 


— d 2 x! dxdy, 


i) 2 x /hx-\ 


where x is an arbitrary function of x and y. It is easy to obtain an equation 
whichmust be satisfied by this function. Such an equation must exist, since the 
three quantities o xx , o xy , <j yy can be expressed in terms of the two quantities 
u x , Uy, and are therefore not independent. Using formulae (5.13), we find, 
for a plane deformation, 

(Txx + Vyy = E(u xx + Uyy)/( 1 + a)(l - 2a). 

t The use of the theory of functions of a complex varml.le provides very p,»ve, l,,| „<• 

solving plane problems in the theory of elasticity. See N. I Musk,,,., II „ 

of the Mathematical Theory nf T.laai, ify, cl., |\ ...oil, ( i,on,,,,.,-,, 
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But 

du x du y 

Vxx + Vyy = Ax> U xx +U yy — -1 -= div u, 

dx dy 


and, since by (7.6) div u is harmonic, we conclude that the function x satisfies 
the equation 


AAx = 0, 


(7.11) 


i.e. it is biharmonic. This function is called the stress function. When the 
plane problem has been solved and the function x is known, the longitudinal 
stress o zz is determined at once from the formula 


O zz — oE(u xx + Uyy)/(1 + <t)(1 - 2o) = o(<T xx + Oyy), 
or 


-zz =° r AX- 


(7.12) 


PROBLEMS 

Problem 1. Determine the deformation of a long rod (of length /) standing vertically in a 
gravitational field. 

Solution. We take the 2 -axis along the axis of the rod, and the x;y-plane in the plane of 
its lower end. The equations of equilibrium are da x <ldxi = doyi/dxt — 0, do Z ijdx t = pg. 
On the sides of the rod all the components am except o zz must vanish, and on the upper 
end (z — l) o xz = o v z — <r u = 0. The solution of the equations of equilibrium satisfying 
these conditions is a zz = — pg(l—z), with all other a a zero. From erne we find u<k to be 
u xx = u vv — opg(l—z)/E, u zz = —pg(l—z)jE, u x y — u xz = u yz = 0, and hence by inte¬ 
gration we have the components of the displacement vector, Ux = opg(l—z)x/E, u v = 
opg(l-z)y/E, u z — — (pg/2E){l 2 —(l— z) 1 — o(x 2 +y 2 )}. The expression for u z satisfies the 
boundary condition u z = 0 only at one point on the lower end of the rod. Hence the solution 
obtained is not valid near the lower end. 

Problem 2. Determine the deformation of a hollow sphere (of external and internal radii 
and Rf) with a pressure p x inside and p 2 outside. 

Solution. We use spherical co-ordinates, with the origin at the centre of the sphere. 
The displacement vector u is everywhere radial, and is a function of r alone. Hence curl u =0, 
and equation (7.5) becomes grad div u = 0. Hence 

1 d(r 2 w) 

divu =-= constant 3 3 a, 

r 2 dr 


or « = ar+b/r 2 . The components of the strain tensor are (see formulae (1.7)) u„ = a—2bjr 3 , 
«08 = = a+b/r 3 . The radial stress is 


(7rr " (l + o)(l-2o) {(1 ~ a)Urr+2aUee} ~ \-2<r a 


2 E b 

1 + a r 3 


The constants a and b are determined from the boundary conditions: a rT — ~p\ at r -- R lt 
and o TT = —pz at r — R 2 . Hence we find 


plRl*-p2R£ 1“2rr 

RJ‘ R ' 


El W(/>.-/>2) H- 

Ilf A’, 3 ' 2E ■ 


b 
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For example, the stress distribution in a spherical shell with a pressure p , -- p inside and 
p 2 = 0 outside is given by 

pRi 3 / R Z S \ pR ,3 / v 

r 3 /’ ° 66 ~ ~ Rf-RfV 1 )’ 

For a thin spherical shell of thickness h = II —It, <g; R we have approximately 

u = pR 2 (\ - o)l2Eh, o e0 = o H = i pR/h, <l rr : i/>, 

where a„ is the mean value of the radial stress over the thickness of the shell. 

The stress distribution in an infinite elastic medium with a spherical cavity (nl nidnci It) 
subjected to hydrostatic compression is obtained by putting 11 =- It, It. ">,/>, o 
Pi— p- 

o rr = ~p(l - — j, o ee = a H = -p{\ | 

At the surface of the cavity the tangential stresses o ee = a = ~3/>/2, i.e. they exieed the 
pressure at infinity. 

Problem 3. Determine the deformation of a solid sphere (of radius It) in in, ,, w „ 
tational field. 

Solution. The force of gravity on unit mass in a spherical body is gr/lt. .Substituting 
this expression in place of g in equation (7.3), we obtain the following equation lot the ,.,di.d 
displacement: 

E( 1 — o) d / 1 d(r 2 w) \ r 
(1 + cr)(l — 2a) dr \ r 2 dr / ^' S A‘ 

The solution finite for r — 0 which satisfies the condition a„ 0 for r It is 

gpR(\ —2cr)(l +a) /3-a r 2 \ 

u — — -— -- r I- -- 

10A(1 - a) \ 1 + o RV 

It should be noticed that the substance is compressed (u rr < 0) inside a spherii al sin In. e .,1 
radius RV{(3 — <r)/3(l + cr)} and stretched outside it (ti rr > 01. The presMtie at the eentie ..I 
the sphere is (3 —cr)gp.R/10(l — a). 

Problem 4. Determine the deformation of a cylindrical pipe (of external and inlet nil i.idn 
R z and Ri), with a pressure p inside and no pressure outside.) 

Solution. We use cylindrical co-ordinates, with the 2 -axis along the axis ..I the pipe 
When the pressure is uniform along the pipe, the deformation is a purely radial displacement 
u r = u(r). Similarly to Problem 2, we have 


1 d(ra) 

div u =- 

r dr 


constant 3 2 a. 


Hence « = ar-\-bjr. The non-zero components of the strai 


u rr — du/dr = a—b/r 2 , — ujr = a+b/r 2 . From the conditions u,, 

and cr rr = —p at r -- It,, wc find 


(see loi nit tine (I H)) 


pRtf (1 + ct)( 1 — 2ir) 

Ilf R i 2 ' E ’ 


pRrRf 1 | , 
Rf A*r ' E 


f In I’rohlenis 5 mid 7 it is ns-iiiined I lull the Irngtli ol the . V'lindei is iiiiiint.ii ne.I .turn 

thiit then* in no loiii'itiulinu] doloi multoii. 
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The stress distribution is given by the formula 


PR? R* 2 \ 

~ RJ-Ri 2 \ r 2 )’ 


R#\ _ l>Rr 

L - TTj' ”** - w-R. 

a zz = IpoR^KRf-R?). 


?(' + +)’ 


Problem S. Determine the deformation of a cylinder rotating uniformly about its axis. 
Solution. Replacing the gravitational force in (7.3) by the centrifugal force pQ?r (where 
fl is the angular velocity), we have in cylindrical co-ordinates the following equation for the 
displacement u, = u(r): 

E{\-o) d/ld(r«)\ 


E(\-o) d /I d(ru) \ = _ ^ 
(1 + <r)(l — 2o) dr\r dr ) 


The solution which is finite for r — 0 and satisfies the condition a„ = 0 for r = R is 
pQ 2 (l + tr)(l — 2 ct) 

u = i--- -f[(3 — 2 ct)/? 2 — r 2 l. 

82?(1 — o) LV ’ J 

Problem 6. Determine the deformation of a non-uniformly heated sphere with a spherically 
symmetrical temperature distribution. 

Solution. In spherical co-ordinates, equation (7.8) for a purely radial deformation is 


d ( 1 d(r 2 M)'| 1 + a 

drlr 2 dr ) = *3(1-a 


1 + cr d T 


3(1-o) dr 


The solution which is finite for r = 0 and satisfies the condition a„ — 0 for r — R is 


1 + 0 ( 1 
3(1-0)172 


r [ 1 r 2(1 -2o) r r ) 

- — T(r)r 2 dr-|— -- 7'(rV 2 dr . 

o)l rK l + o R3. W I 


The temperature T(r ) is measured from the value for which the sphere, if uniformly heated, 
is regarded as undeformed. In the above formula the temperature in question is taken as that 
of the outer surface of the sphere, so that T(R) — 0. 

Problem 7. The same as Problem 6, but for a non-uniformly heated cylinder with an 
axially symmetrical temperature distribution. 

Solution. We similarly have in cylindrical co-ordinates 




Problem 8. Determine the deformation of an infinite elastic medium with a given tempera¬ 
ture distribution T(x, y, a) which is such that the temperature tends to a constant value T» 
at infinity, there being no deformation there. 

Solution. Equation (7.8) has an obvious solution for which curl u - 0 and 

divu a(1 I <r)[7'(.v, y, z) 7’ 0 ]/3(l <r). 
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The vector u, whose divergence is a given function defined in all space and vanishing at 
infinity and whose curl is zero identically, can be written, as we know from vector analysis 
in the form 


u(x, y, z) 


div' u(x', y\ z') 


r = V{(x-xy+(y- y y + (z- z ') 2 }. 

We therefore obtain the general solution of the problem in the form 


a(l +ct) 

12tt(1 - o) 


+) grad J- 


where T' = T(x\ y\ z'). 

If a finite quantity of heat q is evolved in a very small volume at the origin the temper itiiir 
distribution can be written T-T, = (q/C)S(x)S(y)S(z), where C is the specific heat of the 
medium. The integral in (1) is then q/Cr , and the deformation is given by 

a(l + a)q r 
127r(l — a)C r 3 

Problem 9. Derive the equations of equilibrium for an isotropic body (in the absence of 
body forces) in terms of the components of the stress tensor. 

Solution. The required system of equations contains the three equations 

So tk jdxic =0 (|) 

and also the equations resulting from the fact that the six different components of u lk are 
not independent quantities. To derive these equations, we first write down the system of 
differential relations satisfied by the components of the tensor u ik . It is easy to see that tin- 
quantities 


1 / dlli dUk\ 
2\dxk + dxj 


satisfy identi. ally the relations 


d 2 uim _ dhlu d 2 U/c m 
dxidx m dxidxk dx k dx m dxi dx{ 

Here there are only six essentially different relations, namely those corresponding to the fol¬ 
lowing values off, k, l,m: 1122,1133, 2233,1123, 2213, 3312. All these are retained if the above 
tensor equation is contracted with respect to / and m: 

d 2 Uu d 2 Uu dhljci 

A w<* + -—-— =--—1-. (2) 

0Xidx k dx k dxi dxidx t y 

Substituting here u ik in terms of „ tk according to (5.12) and using (1), we obtain the re¬ 
quired equations: 

(1 I I 0. (3) 


These equations remain valid in the jn 


<»nsmil! throughout the body. 
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Contracting equation (.1) willi tcspcet to tin- nullixt -i / an.I It, w<• Im.l llitit A "'n . , < ‘- 

Oji is a harmonic function. Taking the 1 .apiarian <>l equation ( I), wr I Inti Im.l dial A A "it 
i.e. the components cq-fc are biharmonic lunclions. I hear results lollow also liom (7.6) 
and (7.7), since in and tt,* are linearly related. 

Problem 10. Express the general integral of the equations of equilibrium (in the absence 
of body forces) in terms of an arbitrary biharmonic vector (B. G. Gai.ekkin 1930). 
Solution. It is natural to seek a solution of equation (7.4) in the form 

u = Af+^2 grad divf. 

Hence div u = (1 +A ) div Af- Substituting in (7.4), we obtain 

(1 —2ff)AAf+ [2(1 — ct)t!+ 1] grad div Af = 0. 

From this we see that, if f is an arbitrary biharmonic vector ( A Af = 0), then 


u = Af - —-t grad div f. 

2(1 - a) 

Pro it, .km 11. Express the stresses a„, a^, o r ^ for a plane deformation (in polar co-ordinates 
>, ./>) as derivatives of the stress function. 

Solution. Since the required expressions cannot depend on the choice of the initial line 
of they do not contain <f> explicitly. Hence we can proceed as follows: we transform the 
Cartesian derivatives (7.10) into derivatives with respect to r, <£, and use the results that 
a„ = <9* = Azt/Vo, the angle 4 being measured from the *-axis. 

Thus 


_ 1 1_ 

rr r dr r 2 9<£ 2 


_ 

0r\r dtf>) 


Problem 12. Determine the stress distribution in an infinite elastic medium containing 
a spherical cavity and subjected to a homogeneous deformation at infinity. 

Solution. A general homogeneous deformation can be represented as a combination of a 
homogeneous hydrostatic extension (or compression) and a homogeneous shear. The former 
has been considered in Problem 2, so that we need only consider a homogeneous shear. 

T.cl be the homogeneous stress field which would be found in all space if the cavity 

wen- absent: in a pure shear <ru (0) — 0. The corresponding displacement vector is denoted 
|,v ; „„l we seek the required solution in the form u = u<"l+u< 1 ), where the function u< ] > 

■ M from the presence of the cavity is zero at infinity. 

Any solution of the biharmonic equation can be written as a linear combination of centrally 
symmetrical solutions and their spatial derivatives of various orders. The functions r’, 
, | _ | independent centrally symmetrical solutions. Hence the most general form of a 

Inharmonic vector u<'>, depending only on the components of the constant tensor oid 0) 
ns parameters and vanishing at infinity, is 

d /1\ d 3 /1\ d 3 

Mftt) = W»— (-) +Bo k P —— - + Ca k p -r. (1) 

dxic \ r} dxidx k dxi \ rl dxidx k dxi 

Substituting this expression in equation (7.4), we obtain 

(1-2 °y^+4-T- = [2(1 - 2a)C+ (A + 2C)]a k P-r 83 - = o, 

v ' dxi 2 dxi dxi dxidx k dx, r 

whence A = —4C(1—a). Two further relations between the constants A, II, C are obtained 
from the condition at the surface ol the cavity: ("it 1 " 1 I — I* lot r It (II being the 


25 


I'.t/iiilihiiiiiii <j an rlashr tnetliiun hounded by a plane 

radius of the cavity, the origin at its centre, and n a unit vector parallel to r). A somewhat 
lengthy calculation, using (1), gives the following values: 

B = CR 2 jS, C = 5R3(1 + a)j2E(7—5 a). 

The final expression for the stress distribution is 


~(y) { CT ~(y) j( CT « ( °W*I+W°Wt«)4- 


15 /R \at 

^ZSajWJ l -5 + 7 \7/ + 

15 / R \ 3 l /R\ 2 ) 

2(j^5o)\V) 


In order to obtain the stress distribution for arbitrary <q°) (not a pure shear), <r,*< “> in 
this expression must be replaced by °l, and the expression 


r R 3 i 

3 hk + —(Sa ~ 3 n i n k) I 


corresponding to a deformation homogeneous at infinity (cf. Problem 2) must be added. We 
may give here the general formula for the stresses at the surface of the cavity: 


(1 - cr)((7fj; (0 >- afPmflk— afcl im nini) + 


+ a imP^ n i n m n % n k~ oo’im®nrn m 8ij c -( -—- — nfit) 


Near the cavity, the stresses considerably exceed the stresses at infinity, but this extends 
over only a short distance (the concentration of stresses). For example, if the medium is 
subjected to a homogeneous extension (only cr zz <°> different from zero), the greatest stress 
occurs on the equator of the cavity, where 

27- 15a 

azz = 2(7 -5 a) CT22<0> ' 

§ 8 . Equilibrium of an elastic medium bounded by a plane 

Let us consider an elastic medium occupying a half-space, i.e. bounded 
on one side by an infinite plane, and determine the deformation of the 
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medium caused by forces applied to its iree surface.j- The distribution of 
these forces need satisfy only one condition: they must vanish at infinity in 
such a way that there is no deformation at infinity. In such a case the equa¬ 
tions of equilibrium can be integrated in a general form. 

The equation of equilibrium (7.4) holds throughout the space occupied 
by the medium: 

grad divu + (l —2 ct)Au = 0. (8.1) 

We seek a solution of this equation in the form 

u = f+grad <f>, (8.2) 

where </> is some scalar and the vector f satisfies Laplace’s equation: 

Af=0. (8.3) 

Substituting (8.2) in (8.1), we then obtain the following equation for </>: 

2(1 — o)/\<f> — — divf. (8.4) 

We take the free surface of the elastic medium as the xy-plane; the medium 
is in z > 0. We write the functions f x and f y as the ^-derivatives of some 
functions g x and g y : 

fx = dgxjdz, fy = dgyldz. (8.5) 

Since f x and f y are harmonic functions, we can always choose the functions 
g x and g y so as to satisfy Laplace’s equation: 

A gx = 0, A gy = 0. (8.6) 

Equation (8.4) then becomes 


2(l-a)A^ —+/ Z j- 


Since g x> gy and f z are harmonic functions, we easily see that a function 
<f> which satisfies this equation can be written as 


* ir JSx dgy\ . 


where f is again a harmonic function: 

M = 0 . ( 8 . 8 ) 

■j- The most direct and regular method of solving this problem is to tine I'<mihii-:h\s method on 
equation ( 8 . 1 ). In that ease /however, some fairly < omplimled integisils have to be t al. ulated. The 
method given below is based on a number ofailifieml deviren, but the < al< illation* me nimplrr. 
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Thus the problem of determining the displacement u reduces to dial 
of finding the functions g x , g y , f z , <//, all of which satisfy Laplace’s equation. 

We shall now write out the boundary conditions which must be satisfied at 
the free surface of the medium (the plane z = 0). Since the unit outward 
normal vector n is in the negative ^-direction, it follows from the general 
formula (2.8) that ffi Z = —Pi. Using for the general expression (5.11) and 
expressing the components of the vector u in terms of the auxiliary quantities 
gx , gy, f z and i/i, we obtain after a simple calculation the boundary conditions 


Uz ! J,-o [ 
pLl 4 

L Sz 2 Jz = o L< 


4 1 ~ 2< T - 1 (■ 

9x12(1 — a) 2(1 - a) \ 
= —2(1 +a)P x /E, 
8 I 1 — 2(7 1 / £ 


L dz 2 J z =0 L9vl 2(1 — cr) 2(1 -a)\dx 8y ) 9rr)J.... ( | 

= -2(1 + o)Py/E, 

(s " ,, 

The components P x , P y , P z of the external forces applied to the surface air 
given functions of the co-ordinates x and y, and vanish at infinity. 

The formulae by which the auxiliary quantities^, g y ,f z and >ji were defined 
do not determine them uniquely. We can therefore impose an arbitrary 
additional condition on these quantities, and it is convenient to make lIn- 
quantity in the braces in equations (8.9) vanish :f 

(1 ~ 2c)/z — (~~+-~")+4(1 — = 0. (8.11) 

\ ox ay I dz 

Then the conditions (8.9) become simply 


r a2 ^i 

2(1 + o) 

" d 2 gy ’ 

_ 8z 2 J z= 0 

E x ’ 

dz 2 J 


Equations (8.10)—(8.12) suffice to determine completely the harmonic 
functions g x , g y , f z and f. 

For simplicity, we shall consider the case where the free surface of an 
elastic half-space is subjected to a concentrated force F, i.c. one which is 
applied to an area so small that it can be regarded as a point. The died of 
this force is the same as that of surface forces given by P = F8(x)<S(y), the 
origin being at the point of application of the force. If we know the solution 
for a concentrated force, we can immediately find the solution for any force 
distribution P(x, y). For, if 

ui = G ik {x, y, z)F k (8.13) 


| Wc shall not prove hen* l hat thi 
>1 contnulirtion in the lermh. 
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is the displacement due to the action of a concentrated force F applied at 
the origin, then the displacement caused by forces P (x, y) is given by the 
integralj 

Mi = ^Gijc(x-x', y—y', z)P k {x, y’) dx' dy'. (8-14) 

We know from potential theory that a harmonic function / which is zero 
at infinity and has a given normal derivative dfjdz on the plane z = 0 is 
given by the formula 

1 r r r df(x', y’, #) "I dx’ dy' 

,) - - J [ • 

where 

r = y/{(x-x') 2 + (y-y') 2 + z 2 }. 

Since the quantities dg x fdz, dgyjdz and that in the braces in equation (8.10) 
satisfy Laplace’s equation, while equations (8.10) and (8.12) determine the 
values of their normal derivatives on the plane z = 0, we have 


dx dy 


'‘Pz(x',y') 


1 + a F z 


dgx _ 1 + ff Px dgy _ 1 + q 
dz 7tE r ’ dz ttE r 

where now r = \/(x 2 +y 2 + z 2 ). 

The expressions for the components of the required vector u involve the 
derivatives of gx, gy with respect to x, y, z, but not g x , gy themselves. 1 o 
calculate dg x jdx, dgyjdy, we differentiate equations (8.16) with respect to 
x and y respectively: 

d 2 g x l + o- F x x d 2 g y ^ l + o- F y y 
dxdz ttE r 3 dydz ttE r 3 

Now, integrating over z from co to z, we obtain 
3g x 1 + a F x X 

dx 7 tE r(r y zf \*]^ 

d gy _ 1 + CT Pyy 

dy 77 E r(r + z) 

We shall not pause to complete the remaining calculations, which are 
elementary but laborious. We determine f z and difi/dz from equations (8.11), 

f In mathematical terms, G ik is the C Ihkkn’s tensor for the equations of equilibrium of a semi infinite 
medium. 
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(8.15) and (8.17). Knowing d>jjjdz, it is easy to calculate dipjdx and difijdy by 
integrating with respect to z and then differentiating with respect to x and y. 
We thus obtain all the quantities needed to calculate the displacement vector 
from (8.2), (8.5) and (8.7). The following are the final formulae: 

1 + atrxz (1—2 o)xl 2(1 — o)r + z \ 


~xz (1 — 2cr)vn 
r 3 r(r + z) J 


\2r(ar + z) + z 2 ]x \ 

+ - - Trr w — (^+^) . 

r 6 (r -f z) 1 ) 

l+al[yz (1—2a)y] 2(1 -a)r + z 


, [2r{ar + z) + z 2 ]y f v v 

+ e(rVzf~' { ’ y,) r 

\ + <jt[2(l-0) 2 2 ] rl-2cr zl 


F z + ■ 


1 — 2cr z 1 
———--4—- (xF x +yFy 
r(r + z) r 3 J 


In particular, the displacement of points on the surface of the medium is 
given by putting z = 0: 


l + f; 1 | (1 —2 a)x 


F z + 2(1 — o)F x -\—— (xF x +yFy) J, 


1 + a 1 f (1 — 2a)y 


F z +2(l-a)F y + -^(xFx+yFy) , V (8.19) 


Uz = ~2nE'~r + {xFx+yPy)}- 


PROBLEM 

Determine the deformation of an infinite elastic medium when a force F is applied to a 
small region in it. f 

Solution. If we consider the deformation at distances r which are large compared wiili 
the dimension of the region where the force is applied, we can suppose that the force is 
applied at a point. The equation of equilibrium is (cf. (7.2)) 


AuH-grad div u 

1 — 2o 


2(1 +a). 


where S(r) = S(»)S(y)S( 2 ), the origin being at the point where the force is applied. We seek 
the solution in the form u = u 0 + u i> where u 0 satisfies the Poisson-type equation 

2(1 + a) 

A no =-—-FS(r). (2) 

f The corresponding problem for an arbitrary infinite anisotropic medium has been solved by 
I. M. Lifsiiitz ami L. N. UozkntsvkTc {Zfturturf clcifx rimnital'uol i tt on tiihrshn) frxiki 17, 7H1, 19*17). 


!I >.i 7 I 
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We then have for ui the equation 

grad div m + (l -2<r)Aui = - grad div uo. (3) 

The solution of equation (2) which vanishes at infinity is Uo = (1 + d)Vj2irEr. Taking the 
curl of equation (3), we have A curl ui = 0. At infinity we must have curl ui = 0. But a 
function harmonic in all space and zero at infinity must be zero identically. Thus curl ui = 0, 
and we can therefore write ui = grad^>. From (3) we obtain grad {2(1 — a) A$ + div uo} = 0. 
Hence it follows that the quantity in braces is a constant, and it must be zero at infinity; we 
therefore have in all space 


= - 


2(1-a) 4 tt£( 1 - a) 


fi-T-grad (1). 


If </i is a solution of the equation A 1 / 1 = 1/r, then 


eh =--—F • grad iL. 

Y AttE{\ — a) 

Taking the solution ■fi = Jr, which has no singularities, we obtain 

1 + cr (F-n)n-F 

ui = grad i =--—, 

s Y — a) r 

where n is a unit vector parallel to the radius vector r. The final result is 

l + o- (3-4cr)F+n(n-F) 


On putting this formula into the form (8.13) we obtain the Green’s tensor for the equa¬ 
tions of equilibrium of an infinite isotropic medium:f 

1 + a ^ 1 

Gtic = - --[(3 -4a)&ifc + «{«*]- 

8-7r£(l — a) r 


1 ' &ik 1 

47TU. f 4(1- 


4(1 —a) dxidxic 


§9. Solid bodies in contact 

Let two solid bodies be in contact at a point which is not a singular point 
on either surface. Fig. la shows a cross-section of the two surfaces near 
the point of contact O. The surfaces have a common tangent plane at O, 
which we take as the xy-plane. We regard the positive ^--direction as being 
into either body (i.e. in opposite directions for the two bodies) and denote 
the corresponding co-ordinates by z and z'. 

f The fact that the components of the tensor Gik are first-order homogeneous functions of the co¬ 
ordinates x, y, z is evident from arguments of homogeneity applied to the form of equation (I), where 
the left-hand side is a linear combination of the second derivatives of the components of the vet tor u, 
and the right-hand side is a lliird-onler homogeneous (nnelion (■‘•(or) <i :i <‘>(r)). 

This property remains valid in the fo netnl rase «»( an suhitraiy auisoltopic medium. 
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Near a point of ordinary contact with the yy-plane, the c(piation ol I lit- 
surface can be written 

Z = l( a/l X aX/l, (91) 

where summation is understood over the values 1, 2, of the repeated suflixcs 
a, f3 (xi — x, X2 = y), and K a/S is a symmetrical tensor of rank two, which 
characterises the curvature of the surface: the principal values of the tensor 
are l/2i?iand l/ 2 i? 2 , where Ri andi ?2 are the principal radii of curvature 
of the surface at the point of contact. A similar relation for the surface of 
the other body near the point of contact can be written 

Z' = K’afiiXcXfi- (''••’) 

Let us now assume that the two bodies are pressed together by applied 
forces, and approach a short distance A.j Then a deformation occurs ueai 
the original point of contact, and the two bodies will be in contact over a 
small but finite portion of their surfaces. Let u z and u' z be the components 
(along the z and z' axes respectively) of the corresponding displacement 
vectors for points on the surfaces of the two bodies. The broken lines 



Fig. 1 


in Fig. lb show the surfaces as they would be in the absence of any delorma 
tion, while the continuous lines show the surfaces of the deformed bodies; t lu- 
letters z and z' denote the distances given by equations (9.1) and (9.2). It 
is seen at once from the figure that the equation 

(rr + u z ) + (z' + u'z) = h, 

or 

( K at>+ K 'aB)XaXfl + Uz+ U z = h, (4.3) 

f This contact problem in (hr lltmiy nf r!:uitit il y win liisl ?tnlvnl by II. 1 1 1 ■ n i /. 
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holds everywhere in the region of contact. At points outside the region of 
contact, we have 

z + z' + u z + u' z < h. 


We choose the x and y axes to be the principal axes of the tensor K a p+ k 
Denoting the principal values of this tensor by A and we can rewrite 
equation (9.3) as 

Ax 2 +By 2 +m z +u z = h. (9.4) 

We denote by P z (x, y) the pressure between the two deformed bodies at 
points in the region of contact; outside this region, of course P z = 0. To 
determine the relation between P z and the displacements u z , u' z , we can 
with sufficient accuracy regard the surfaces as plane and use the formulae 
obtained in §8. According to the third of formulae (8.19) and (8.14), the 
displacement u z under the action of normal forces P z (x, y) is given by 


1-a 2 r rP z (x\y') 

J—;— d * d - y ’ 

7 tE J J r 


where a, o' and E, E' are the Poisson’s ratios and the Young’s moduli of the 
two bodies. Since P z = 0 outside the region of contact, the integration ex¬ 
tends only over this region. It may be noted that, from these formulae, the 
ratio u z ju z is constant: 

u z / u ' z = (l-o 2 )E'l(l-o' 2 )E. (9.6) 


The relations (9.4) and (9.6) together give the displacements u z , u z at every 
point of the region of contact (although (9.5) and (9.6), of course, relate to 
points outside that region also). 

Substituting the expressions (9.5) in (9.4), we obtain 


J 2 1 - ct' 2 
— + ——— 


Pz{x, y') 


a 2 \ r r Pz(x , 

' / J J r 


dx'd y' = h — Ax 2 — By 2 . 


f The quantities A and B are relaced to the radii of curvature R lt and R\, R\ by 

2(A + B1 - P + -L+-L-+B, 

/ 1 1 \ 2 / 1 1 \ 2 

+ 2 cos 2<f>i— --)(^r - at)’ 

Il> J \ R’i R'J 


where (j> is the angle between the normal sections whose nulii of curvature are /f| and R 

The radii of curvature arc regarded m positive if the centre of curvature lies within the body con- 
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This integral equation determines the distribution of the pressure over 
the region of contact. Its solution can be found by analogy with the following 
results of potential theory. The idea of using this analogy arises as follows: 
firstly, the integral on the left-hand side of equation (9.7) is of a type com¬ 
monly found in potential theory, where such integrals give the potential of a 
charge distribution; secondly, the potential inside a uniformly charged 
ellipsoid is a quadratic function of the co-ordinates. 

If the ellipsoid x 2 /a 2 + y 2 jb 2 + z 2 fc 2 = 1 is uniformly charged (with volume 
charge density p ), the potential in the ellipsoid is given by 

<f>{x, y, z) 

x 2 y 2 z 2 } df 

a 2 + £ ~ ¥+1 ~ c 2 + i i V{(a 2 + {)(b 2 + £)(c 2 + £)}' 

In the limiting case of an ellipsoid which is very much flattened in the 
^-direction (c 0), we have 

4, {x ,y) = „ P aJ[y-— - ^-1 _ - _; 

J \ « 2 +f b 2 +iiv{(a 2 +m z +m 

in passing to the limit c -» 0 we must, of course, put z = 0 for points inside 
the ellipsoid. The potential cj>(x, y, z) can also be written as 



<K*>y,*) = JJj 


p Ax' dy' d.Y 

V {(x —x') 2 + (y —y') 2 + (z — s') 2 } ’ 


where the integration is over the volume of the ellipsoid. In passing to the 
limit c 0, we must put z = z’ = 0 in the radicand; integrating over as' 
between the limits 

+ c\l{\ — (x' 2 /a 2 ) — (y’ 2 lb 2 )}, 


<f>(x,y) = 2pc j j~ 


x Z y i 

a 2 b 2 


r = s/{{x — x') 2 + (y-y') 2 }. 


and the integration is over the area inside the cllipst 


x’ 2 ja 2 \ y' 2 jh 2 --- 1. 
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Equating the two expressions for (f>(x, y), we obtain the identity 




+£ v+t/vi^+tw+m 


Comparing this relation with equation (9.7), we see that the right-hand 
sides are quadratic functions of x and y of the same form, and the left-hand 
sides are integrals of the same form. We can therefore deduce immediately 
that the region of contact (i.e. the region of integration in (9.7)) is bounded 
by an ellipse of the form 

4+^ = i (9.9) 

a 2 b 2 

and that the function P z (x, y) must be of the form 


P z (x, y) = constant x 


Taking the constant such that the integral JJP 2 d* dy over the region of 
contact is equal to the given total force F which moves the bodies together, 
we obtain 


Pz{x, y) 


This formula gives the distribution of pressure over the area of the region of 
contact. It may be pointed out that the pressure at the centre of this region 
is -| times the mean pressure FJ-rrab. 

Substituting (9.10) in equation (9.7) and replacing the resulting integral 
in accordance with (9.8), we obtain 


a 2 + £ b 2 + £ 




= h — Ax 2 — By 2 , 


3/1 — cr 2 1 — o' 2 ' 

D = 4\ E + E' , 


This equation must hold identically for all values of * and y inside the 
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ellipse (9.9); the coefficients of x and y and the free terms must therefore be 
respectively equal on each side. Hence we find 

FD r d£ 

h = -— - , (9 i n 

*■ wi^+tw+m 


(a*+t)V{(a*+m 2 +m’ 


_ FD f 

7 T J I 


* J(b 2 + £W{(a 2 + £)(b 2 + m' 

Equations (9.12) determine the semi-axes a and b of the region of contact 
from the given force F (A and £ being known for given bodies). 'I'lit* 
relation (9.11) then gives the distance of approach h as a function of the force 
F. The right-hand sides of these equations involve elliptic integrals. 

Thus the problem of bodies in contact can be regarded as completely 
solved. The form of the surfaces (i.e. the displacements u z> u' z ) outside the 
region of contact is determined by the same formulae (9.5) and (9.10); the 
values of the integrals can be found immediately from the analogy with the 
potential outside a charged ellipsoid. Finally, the formulae of §8 enable us to 
find also the deformation at various points in the bodies (but only, of course, 
at distances small compared with the dimensions of the bodies). 

Let us apply these formulae to the case of contact between two spheres of 
radii R and R'. Here A — B = 1/2P+ 1/2R'. It is clear from symmetry 
that a = b, i.e. the region of contact is a circle. From (9.12) we find the 
radius a of this circle to be 

a = F^{DRR'I(R + R')y's. (9.13) 

h is in this case the difference between the sum R + R’ and the distance be¬ 
tween the centres of the spheres. From (9.10) we obtain the following 
relation between F and h: 


T / 1 1 \H 1/3 

h = F 213 D 2 ( 1 - 1 

. \R R' . 


It should be noticed that h is proportional to F 2/3 ; conversely, the force F 
varies as h 3,z . We can write down also the potential energy U of the spheres 
in contact. Since —F= — dUjdh, we have 


Finally, it may be mentioned that a relation of the form h — constant x 
or F = constant x h 3/z , holds not only for spheres but also for other finite 
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bodies in contact. This is easily seen from similarity arguments. If we make 
the substitution 

a 2 a a 2 , b 2 -> a b 2 , F -> a? l2 F, 

where a is an arbitrary constant, equations (9.12) remain unchanged. In 
equation (9.11), the right-hand side is multiplied by a, and so h must be 
replaced by ah if this equation is to remain unchanged. Hence it follows 
that F must be proportional to W 2 . 


Problem 1. Determine the time for which two colliding elastic spheres remain in contact. 

Solution. In a system of co-ordinates in which the centre of mass of the two spheres is 
at rest, the energy before the collision is equal to the kinetic energy of the relative motion 
ifiv*, where v is the relative velocity of the colliding spheres and n = m l m, 1 !(m l \ nh) their 
reduced mass. During the collision, the total energy is the sum of the kinetic energy, which 
may be written i/di 2 , and the potential energy (9.15). By the law of conservation of energy 
we have , 

(dh \ 2 „ , 4 / RR' 

*(*)+**’"-<■* 

The maximum approach h 0 of the spheres corresponds to the time when their relative velocity 
h = 0, and is h 0 = (nlk) tlb v ,,& . 

The time r during which the collision takes place (i.e. h varies from 0 to h a and back) is 


V(® 2 -^ 5/2 /m) 


fx 2 \ 1/5 f d* 

= 2 te) J v(i-* 2/5 )’ 


4V^r(2/5) / ^ \1« _ 
~5r(9/10) \ k 2 v) 


By using the statical formulae obtained in the text to solve this problem, we have neglected 
elastic oscillations of the spheres resulting from the collision. If this is legitimate, the velocity 
v must be small compared with the velocity of sound. In practice, however, the validity of 
the theory is limited by the still more stringent requirement that the resulting deformations 
should not exceed the elastic limit of the substance. 

Problem 2. Determine the dimensions of the region of contact and the pressure distri¬ 
bution when two cylinders are pressed together along a generator. 

Solution. In this case the region of contact is a narrow strip along the length of the 
cylinders. Its width 2 a and the pressure distribution across it csAi be found from the formulae 
in the text by going to the limit 6/a oo. The pressure distribution will be of the form 
P t (x) = constant X V(1where x is the co-ordinate across the strip; normalising 
the pressure to give a force F per unit length, we obtain 


IF 1/ x 2 \ 

w - -J (‘ - *)■ 


Substituting this expression in (9.7) and effecting the integration by means of (9.8), we have 


4 T)F 7 d£ 

A = :w . (,|31 o :,: T 
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One of the radii of curvature of a cylindrical surface is infinite, and the other is the radius 
of the cylinder; in this case, therefore, A = l/2i? + l/27?', B = 0. We have finally for the 
width of the region of contact 

IC^I-FL). 

V\ 3tt R + R'l 

§10. The elastic properties of crystals 

The change in the free energy in isothermal compression of a crystal is, ns 
with isotropic bodies, a quadratic function of the strain tensor. Unlike what 
happens for isotropic bodies, however, this function contains not just iwu 
coefficients, but a larger number of them. The general form of the free energy 
of a deformed crystal is 

F = IhtclmUVcUlm, (10.1) 

where Xmm is a tensor of rank four, called the elastic modulus tensor. Since 
the strain tensor is symmetrical, the product UucUim is unchanged when the 
suffixes i, k, or /, m, or i, l and k, m, are interchanged. Hence we sec that the 
tensor A na m can be defined so that it has the same symmetry properties: 

Aiilm = h/cilm = hocml = A imilc■ (10.2) 

A simple calculation shows that the number of different components of a 
tensor of rank four having these symmetry properties is in general 21. 

In accordance with the expression (10.1) for the free energy, the stress 
tensor for a crystal is given in terms of the strain tensor by 

Oik = dF/duac = hklmUlm (10.3) 

cf. also the last footnote to this section. 

If the crystal possesses symmetry, relations exist between the various 
components of the tensor hikim, so that the number of independent com 
ponents is less than 21. 

We shall discuss these relations for each possible type of inarms* opu 
symmetry of crystals, i.e. for each of the crystal classes, dividing these into I lie 
corresponding crystal systems. 

(1) Triclitiic system. Triclinic symmetry (classes C\ and C,;) does not place 
any restrictions on the components of the tensor A ijcim, and the system ol co 
ordinates may be chosen arbitrarily as regards the symmetry. All the 31 
moduli of elasticity are non-zero and independent. However, the arbitrariness 
of the choice of co-ordinate system enables us to impose additional eondil ions 
on the components of the tensor Xuum- Since the orientation of the co-ordinate 
system relative to the hody is defined by three quantities (angles of rotation), 
there can be three such conditions; lor example, three of the components may 
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be taken as zero. Then the independent quantities which describe the elastic 
properties of the crystal will be 18 non-zero moduli and 3 angles defining the 
orientation of the axes in the crystal. 

(2) Monoclinic system. Let us consider the class C s ; we take a co-ordinate 
system with the ary-plane as the plane of symmetry. On reflection in this 
plane, the co-ordinates undergo the transformation x -»■ x, y -> y, z -> —z. 
The components of a tensor are transformed as the products of the corres¬ 
ponding co-ordinates. It is therefore clear that, in the transformation men¬ 
tioned, all components Xiuim whose suffixes include z an odd number of 
times (1 or 3) will change sign, while the other components will remain un¬ 
changed. By the symmetry of the crystal, however, all quantities characterising 
its properties (including all components A iuim) must remain unchanged on 
reflection in the plane of symmetry. Hence it is evident that all components 
with an odd number of suffixes z must be zero. Accordingly, the general 
expression for the elastic free energy of a crystal belonging to the monoclinic 
system is 

F — 2 A xxxx u xo? + \^yyyy u yy“ + \h zzzz U zz “ + ^xxyy u xx ll yy + A xxzz u xxUzz + 

+ A yyzzUyy u zz + 2A xyxy u xy 2 + 2A xzxz u xi? + 2A yZ y Z Uy z z + 'F\xxxy u xx u xy + 

+ 2A yyyxUyyUyx + 'FX X y ZZ U xy U Z z + 4A xzyz u xz u yz‘ (10.4) 

This contains 13 independent coefficients. A similar expression is obtained 
for the class C%, and also for the class Czn, which contains both symmetry 
elements (C 2 and an)- In the argument given, however, the direction of only 
one co-ordinate axis (that of z) is fixed; those of x and y can have arbitrary 
directions in the perpendicular plane. This arbitrariness can be used to make 
one coefficient, say A xyzz , vanish by a suitable choice of axes. Then the 13 
quantities which describe the elastic properties of the crystal will be 12 non¬ 
zero moduli and one angle defining the orientation of the axes in the ary-plane. 

(3) Orthorhombic system. In all the classes of this system (C 3v , D 2 , Doy) the 
choice of co-ordinate axes is determined by the symmetry, and the expression 
obtained for the free energy is the same for each class. 

Let us consider, for example, the class Don’, we take the three planes of 
symmetry as the co-ordinate planes. Reflections in each of these planes are 
transformations in which one co-ordinate changes sign and the other two 
remain unchanged. It is evident therefore that the only non-zero components 
A iicim are those whose suffixes contain each of x, y, z an even number of times; 
the other components would have to change sign on reflection in some plane 
of symmetry. Thus the general expression for the free energy in the ortho¬ 
rhombic system is 

F — \hxxxx u xx‘ + z^yyyyUyy* + i A zzzz u zz“ + A xxyy u xx ll yy + A xxzz u xxUzz + 

+ hyyzzllyyUzz + ^hxyxyUxy* + 2A zzxzttxz' + 2Aj izyzltyz' • (10.5) 

It contains nine moduli of elasticity. 
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(4) Tetragonal system. Let us consider the class C 4v ; we take the axis < \ 
as the ar-axis, and the x and y axes perpendicular to two of the vertical 
planes of symmetry. Reflections in these two planes signify transformations 

x -> — x, y ->y, z -> z 

and 

x -> x, y —y, z->z; 

all components \mm with an odd number of like suffixes therefore vanish. 
Furthermore, a rotation through an angle \-n about the axis C 4 is the trans¬ 
formation 


Hence we have 


x -+y, v —x, z -> z. 


*xxxx — hyyyy, A xxzz = A yyM , X xzxz = Xyzyz- 

The remaining transformations in the class C 4v do not give any furlhei 
conditions. Thus the free energy of crystals in the tetragonal system is 

F — \h xxxx {u xx z + %j/ 2 ) + WzzzU ZZ 1 H“ ^xxzzi^-xx^-zz 4" Uyyllzz) ~f- 

+ ^xxyy u xx u yy + 2 ^xyxy u xy* + 2 Xzzxz (■'Uxz 2 +u yz 2 ). ( 10.h) 

It contains six moduli of elasticity. 

A similar result is obtained for those other classes of the tetragonal system 
where the natural choice of the co-ordinate axes is determineil by .symmetry 
(D^d, F>\, Dih). In the classes C 4 , S 4 , C 4 *, on the other hand, only the choice 
of the 0 -axis is unique (along the axis C 4 or S 4 ). The requirements of .symmetry 
then allow a further component X xxxy = -X yyyx in addition to those which 
appear in (10.6). These components may be made to vanish by suitably 
choosing the directions of the x and y axes, and F then reduces to the I'm m 
( 10 . 6 ). 


(5) Rhombohedral system. Let us consider the class C 3v ; we take the third 
order axis as the 0 -axis, and the y-axis perpendicular to one of the vertical 
planes of symmetry. In order to find the restrictions imposed on the com 
ponents of the tensor Xmm by the presence of the axis C3, it is convenient 
to make a formal transformation using the complex co-ordinates l- x \ ty. 
7] = x—iy, the 0 co-ordinate remaining unchanged. We transform the 
tensor Xmm to the new co-ordinate system also, so that its suffixes take the 
values i, rj, 0 . It is easy to see that, in a rotation through 2tt/3 about the 
axis C 3 , the new co-ordinates undergo the transformation £ - > tie'" ,K \ 
r] -> 7]e~ 2ni/3 , 0 ^ 0 . By symmetry only those components A tk i m which are 
unchanged by this transformation can be different from zero. These com 


ponenrs are evidently tne ones whose suttixes contain three times, or 7 / 
three times (since = c z ”i 1 ), or if and rj the same number of times 

(since ^t/ 3 ,- 2,,/3 = t)i i. c . A««, A £ , £ , f A ££ „, A t ,,„ X u „ z , A cu ,, A, ;vv/ . 



40 


I'liiiiliitinnliil I'h/uatioiis 


§10 


Furthermore, a reflection in the symmetry plane perpendicular to the y-axis 
gives the transformation * x, y -> —y, ~ 2 , or £ -> rj, rj £. Since 

X^z becomes X mZ in this transformation, these two components must be 
equal. Thus crystals of the rhombohedral system have only six moduli of 
elasticity. In order to obtain an expression for the free energy, we must form 
the sum \XmmUiyMm, in which the suffixes take the values $, rj, 2 ; since F 
is to be expressed in terms of the components of the strain tensor in 
the co-ordinates x, y, z, we must express in terms of these the components 
in the co-ordinates £, t], z. This is easily done by using the fact that the 
components of the tensor uu c transform as the products of the corresponding 
co-ordinates. For example, since 


it follows that 


£2 = (x+iy) 2 — x 2 —y 2 + 2ixy, 
= Uxx Uyy ' 2ill x y . 


Consequently, the expression for F is found to be 

F — \X zzzz u zz 2 + 2 X^ V (U XX + Uyy) 2 + X^ vv {(tl xx ~ Uyy) 2 + 4 U X y 2 } + 

+ 2X^ vZZ (u xx + Uyy)u zz + ^X^z v z(u xz 2 -f Uyz 2 ) + 4Ajj^{( Uxx — Uyy)U XZ — 2ll x yUy z }. 

(10.7) 

This contains 6 independent coefficients. A similar result is obtained for the 
classes D 3 and Dm, but in the classes C 3 and Sq, where the choice of the x andy 
axes remains arbitrary, requirements of symmetry allow also a non-zero value 
of the difference This, however, can be made to vanish by a 

suitable choice of the * and y axes. 


( 6 ) Hexagonal system. Let us consider the class C 6 ; we take the sixth- 
order axis as the 2 -axis, and again use the co-ordinates $ — x + iy, r] — x—iy. 
In a rotation through an angle t about the 2 -axis, the co-ordinates £, rj 
undergo the transformation (■ ~> rj - -> rje~ ni/3 . Hence we see that only 

those components A mm are non-zero which contain the same number of 
suffixes £ and rj. These are A zzzz , A^,,, X^r vv , X^ zz , X^ ZljZ . Other symmetry 
elements in the hexagonal system give no further restrictions. There are 
therefore only five moduli of elasticity. The free energy is 

F — ^X zzzz U zz 2 +2X^. v (UxX+Uyy) 2 + X^ n [(u xx —llyy) 2 + 4- u x y 2 ] + 

+ 2X^ zz ll zz (u xx + Uyy) + 4A czyziu-xz 1 + u y z 2 )- (10.8) 

It should be noticed that a deformation in the xy-plane (for which u xx , 
Uyy and u xy are non-zero) is determined by only two moduli of elasticity, 
as for an isotropic body; that is, the elastic properties of a hexagonal crystal 
are isotropic in the plane perpendicular to the sixth-order axis. 

For this reason the choice of axis directions in this plane is unimportant and 
does not affect the form of F. The expression (10.8) therefore applies to all 
classes of the hexagonal system. 
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(7) Cubic system. We take the axes along the three fourth-order axes ol 
the cubic system. Since there is tetragonal symmetry (with the fourth-order 
axis in the 2 -direction), the number of different components of the tensor 
A ucim is limited to at most the following six: X x %xx, X zzzz , X xxz z, A xxyy, A xysy, 
A xzxz- Rotations through \-n about the x and y axes give respectively tin- 
transformations x -> x, y -» — 2 , 2 -> y, and x -* 2 , y ->y, 2 -> — x. Tin- 
components listed are therefore equal in successive pairs. Thus there remain 
only three different moduli of elasticity. The free energy of crystals of tin- 
cubic system is 

F = ^X xxxx (u xx 2 + Uyy 2 + U zz 2 ) + X xx yy(u xx Uyy + U XX U ZZ + UyyU zz ) + 

+ 2X x y x y(u x y 2 + Uxz 2 + Uyz 2 ). (10.9) 


We may recapitulate the number of independent parameters (elastic moduli 
or angles defining the orientation of axes in the crystal) for the classes ol tin- 


various systems: 

Triclinic 21 

Monoclinic 13 

Orthorhombic 9 

Tetragonal (C 4 , S 4 , C^,) 7 

Tetragonal ( C 4v , Dm, D, h D 4ft ) 6 

Rhombohedral (C 3 , Se) 7 

Rhombohedral ( Cs v , D ;i , D- M ) 6 

Hexagonal 5 

Cubic 3 


The least number of non-zero moduli that is possible by suitable choice ol 
the co-ordinate axes is the same for all the classes in each system: 


Triclinic 18 

Monoclinic 12 

Orthorhombic 9 

Tetragonal 6 

Rhombohedral 6 

Hexagonal 5 

Cubic 3 


All the above discussion relates, of course, to single crystals. I’olyerystalliin- 
bodies whose component crystallites are sufficiently small may be regarded 
as isotropic bodies (since we are concerned with deformations in regions 
large compared with the dimensions of the crystallites). Like any isotropic 
body, a polycrystal has only two moduli of elasticity. It might be thought al 
first sight that these moduli could be obtained from those ot the individual 
crystallites by simple averaging. This is not so, however. If we regard tin- 
deformation of a polycrystal as the result of a deformation ol its component 
crystallites, it woidd in principle be necessary to solve the equations ol 
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equilibrium tor every crystallite, taking into account the appropriate boun¬ 
dary conditions at their surfaces of separation. Hence we see that the relation 
between the elastic properties of the whole crystal and those of its component 
crystallites depends on the actual form of the latter and the amount of correla¬ 
tion of their mutual orientations. There is therefore no general relation 
between the moduli of elasticity of a polycrystal and those of a single crystal 
of the same substance. 

The moduli of an isotropic polycrystal can be calculated with fair accuracy 
from those of a single crystal only when the elastic properties of the single 
crystal are nearly isotropic.f In a first approximation, the moduli of elasticity 
of the polycrystal can then simply be put equal to the “isotropic part” of the 
moduli of the single crystal. In the next approximation, terms appear which 
are quadratic in the small “anisotropic part” of these moduli. It is foundj 
that these correction terms are independent of the shape of the crystallites 
and of the correlation of their orientations, and can be calculated in a general 
form. 

Finally, let us consider the thermal expansion of crystals. In isotropic 
bodies, the thermal expansion is the same in every direction, so that the 
strain tensor in free thermal expansion is (see §6) u ik = \v.{T— T 0 )S ik , where 
a is the thermal expansion coefficient. In crystals, however, we must put 

utk = i«i*(T- T 0 ), (10.10) 

where x ik is a tensor of rank two, symmetrical in the suffixes i and k. Let us 
calculate the number of independent components of this tensor in crystals 
of the various systems. The simplest way of doing this is to use the result of 
tensor algebra that to every symmetrical tensor of rank two there corresponds 
a tensor ellipsoid .§ It follows at once from considerations of symmetry that, 
for triclinic, monoclinic and orthorhombic symmetry, the tensor ellipsoid has 
three axes of different length. For tetragonal, rhombohedral and hexagonal 
symmetry, on the other hand, we have an ellipsoid of revolution (with its 
axis of symmetry along the axes C 4 , C 3 and C 6 respectively). Finally, for cubic 
symmetry the ellipsoid becomes a sphere. An ellipsoid of three axes is 
determined by three quantities, an ellipsoid of revolution by two, and a 
sphere by one (the radius). Thus the number of independent components 
of the tensor a ik in crystals of the various systems is as follows: triclinic, 
monoclinic and orthorhombic, 3 ; tetragonal, rhombohedral and hexagonal, 2; 
cubic, 1. 

Crystals of the first three systems are said to be biaxial, and those of the 
second three systems uniaxial. It should be noticed that the thermal expan¬ 
sion of crystals of the cubic system is determined by one quantity only, i.e. 
they behave in this respect as isotropic bodies. 

t For a “nearly isotropic” cubic crystal (e.g.), the difference Xxxxi — ^xxyy—lKyxy must be small. 

J I. M. I.IFSUITZ and I N. RoziiNTSVlifc, Zhurnrtf risfirriwcnlnrnnr i trnretich,-steal fizihi 16, 967, 1 946 

§ Determined by the c.|uatinn a lk .v,.v t 1. 
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PROBLEM 

Determine the Young’s modulus of a cubic crystal as a function of direction. 

Solution. We take the axes of co-ordinates along the three axes of the fourth order, i ,et 
the axis of a rod cut from the crystal be in the direction of the unit vector n. The st mss 
tensor aac in the extended rod must satisfy the following conditions: when an, is multiplied 
by n it the resulting extension force must be parallel to n (condition at the ends of the rod); 
when it is multiplied by a vector perpendicular to n, the result must be zero (condition on iIn¬ 
sides of the rod). Such a tensor must be of the form one = where p is the extension 

force per unit area of the ends of the rod. Calculating the components one by means of I In- 
expression (10.9) for the free energyf and comparing them with the formulae one — 
we find the components of the strain tensor to be 


u xx 


= P 


(c 1 + 2c 2 )n x 2 -c 2 

(ci-C2)(ci+2c 2 y 


u xy — P n x n yj2c 2 , 


and similarly for the remaining components. Here we have put Xxxxx = c lt 

^xyxy — ‘V 


^XXUJJ 


The relative longitudinal extension of the rod is u — (dl r —dl)/dl, where dV is given by 
formula (1.2) and dxjdl — n { . For small deformations this gives u = uimwic. The Young’-. 
modulus is determined by the coefficient of proportionality in p = Eli, and is 


- (Cl + 2c 2 ){C} - Co) 


n x 2 n y 2 + n x 2 n z 2 + n y 


E has extremum values in the directions of the edges (i.e. of the co-ordinate axes) and of the 
spatial diagonals of the cube. 


f In calculating a,je, the following fact must be borne in mind. If we effect the calculation, not 
directly from the formulae one — \kimMim, but by differentiation of the expression for the free ener gy 
with respect to the components of the tensor uo:> the derivatives with respect to u,jc with i / h give 
twice the values of the corresponding components one. This is because the expressions one — dl-'du,/, 
are meaningful only as indicating that dF = one dune; in the sum one dune, however, the term in the 
differential dujj, for each component with i ^ ft of the symmetrical tensor une appears twice. 



CHAPTER II 


THE EQUILIBRIUM OF RODS AND PLATES 
§11. The energy of a bent plate 

In this chapter we shall study some particular cases of the equilibrium of 
deformed bodies, and we begin with that of thin deformed plates. When we 
speak of a thin plate, we mean that its thickness is small compared with its 
dimensions in the other two directions. The deformations themselves are 
supposed small, as before. In the present case the deformation is small if the 
displacements of points in the plate are small compared with its thickness. 

The general equations of equilibrium are considerably simplified when 
applied to thin plates. It is more convenient, however, not to derive these 
simplified equations directly from the general ones, but to calculate afresh 
the free energy of a bent plate and then vary that energy. 

When a plate is bent, it is stretched at some points and compressed at 
others: on the convex side there is evidently an extension, which decreases 
as we penetrate into the plate, finally becoming zero, after which a gradually 
increasing compression is found. The plate therefore contains a neutral 
surface, on which there is no extension or compression, and on opposite sides 
of which the deformation has opposite signs. The neutral surface clearly 
lies midway through the plate. 



Fig. 2 


We take a co-ordinate system with the origin on the neutral surface and the 
z-axis normal to the surface. The ay-plane is that of the undeformed plate. 
We denote by £ the vertical displacement of a point on the neutral surface, 
i.e. its z co-ordinate (Fig. 2). The components of its displacement in the 
ay-plane are evidently of the second order of smallness relative to £, and can 
therefore be put equal to zero. Thus the displacement vector for points on the 
neutral surface is 

uf°> = «„<® = 0, 

4't 


u/» = l(x, y). 


( 11 . 1 ) 
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For further calculations it is necessary to note the following property of 
the stresses in a deformed plate. Since the plate is thin, comparatively small 
forces on its surface are needed to bend it. These forces are always consider¬ 
ably less than the internal stresses caused in the deformed plate by the ex¬ 
tension and compression of its parts. We can therefore neglect the forces l\ 
in the boundary condition (2.8), leaving omnu = 0. Since the plate is only 
slightly bent, we can suppose that the normal vector n is along the sr-axis. 
Thus we must have on both surfaces of the plate a xz = o yz = a zz = 0. Since 
the plate is thin, however, these quantities must be small within the plate 
if they are zero on each surface. We therefore conclude that the components 
cr xz , a V z, a zz are small compared with the remaining components of the stress 
tensor everywhere in the plate. We can therefore equate them to zero and 
use this condition to determine the components of the strain tensor. 

By the general formulae (5.13), we have 


°zy — : u zy , 

1 + a 


°zz = —-rr:———{(1 — cr)u zz + o(u X x + Uyy)}. 

(1 + ct)(1 — la) 

Equating these expressions to zero, we obtain dux/dz = — cu-ji'x, 
duyjdz = -du z /dy, u zz = - o(u xx + u yy )l(\ - a). In the first two of these 
equations u z can, with sufficient accuracy, be replaced by tfx, y):8u r jVz 
— d£/dx, duy/dz — — d£/dy, whence 

u x = —zd^/dx, u y = — zdl,jdy. (1L3) 

The constants of integration are put equal to zero in order to make 

u x — Uy — 0 for z = 0. 

Knowing u x and u y , we can determine all the components of the strain 
tensor: 

u xx = -zd 2 Qdx 2 , Uyy = - zd 2 fjdy 2 , u xy = - zd 2 'Ql dxdy, 

a /dH 3 2 £ \ ( 11 . 4 ) 

Uxz _ Uyz - 0 , U ZZ - dx2 + df ). 

We can now calculate the free energy F per unit volume of the plate, using 
the general formula (5.10). A simple calculation gives the expression 


f - — \ —[(—f- ^i). (iis, 

1 +a\2(l —a)\ dx 2 dy 2 / \\dxdy! dx 2 dy 2 ] I 

The total free energy of the plate is obtained by integrating over the volume. 
The integration over z is from - \h to 4 lh, where h is the thickness of the 
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plate, and that over x, y is over tlie surlace of the plate. The result is that 
the total free energy /' pI = jF dV of a deformed plate is 


Fpi = 


Eh 3 r r r / 3 2 £ 
24(1 —a 2 ). J \dx 2 


a 2 £ 

dy 2 


2 

I + 



<HcHy\ 
dx 2 dy 2 j J 


dx dy ; 


( 11 . 6 ) 


the element of area can with sufficient accuracy be written as dx dy simply, 
since the deformation is small. 

Having obtained the expression for the free energy, we can regard the plate 
as being of infinitesimal thickness, i.e. as being a geometrical surface, since 
we are interested only in the form which it takes under the action of the 
applied forces, and not in the distribution of deformations inside it. The 
quantity £ is then the displacement of points on the plate, regarded as a surface, 
when it is bent. 


§12. The equation of equilibrium for a plate 

1 he equation of equilibrium for a plate can be derived from the condition 
that its free energy is a minimum. To do so, we must calculate the variation 
of the expression (11.6). 

We divide the integral in (11.6) into two, and vary the two parts separately. 
Th e first integral can be written in the form J(A c) 2 df, where d f = dx dy 
is a surface element and A — d 2 /dx 2 + d 2 jdy 2 is here (and in §§13, 14) the 
two-dimensional Laplacian. Varying this integral, we have 

Hf(A£) 2 d/ = Ja£A<$£ df 

= J A £ div grad S£ df 

~ Jdiv (A £ gradS£) d/-JgradS£ • grad A£ d/. 

All the vector operators, of course, relate to the two-dimensional co-ordinate 
system (x, y). The first integral on the right can be transformed into an 
integral along a closed contour enclosing the plate :f 

Jdiv (A £ grad S£) df = j A £(n • grad S£) dl 

c aS£ 

= A£-^dZ, 

J on 

where djdn denotes differentiation along the outward normal to the contour. 

I The transformation formula for two-dimensional integrals is exactly analogous to the one for three 
imensions. The volume element dV is replaced by the surface element df (a scalar), and the surface 
element df is replaced by a contour clement d/ multiplied by the vector n along the outward normal to 
the contour. 7 he integral over df is converted into one over ,1/ by replacing the operalor dfil/Hx, by 
"* d/ ' oistanrc, ,1 ./• is a scalar, we have j grad ./, df f/,n dl. 
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In the second integral we use the same transformation to obtain 
JgradS£ • grad AC df = jdiv (Sc grad AC) df- Js£A 2 £ df 
= fS£(:n • grad AC) d/- Js£A 2 £ df 


-£id/-jS£A 2 £ if. 


Substituting these results, we find that 


S|J(A£) 2 d/= jsCA 2 Cdf-j>8C d ^dl+j>AC-~-dl. (12.1) 

The transformation of the variation of the second integral in (11.6) is 
somewhat more lengthy. This transformation is conveniently effected in 


components, and not in vector form. We have 



a 2 £ a 2 £| 

JWdxdy) 

dx 2 dy 2 ) 


ri a 2 £ a 2 S£ a 2 £ d 2 sc a 2 §£ a 2 £ 1 

J [ dxdy dxdy dx 2 dy 2 dx 2 dy 2 ] ^ 

The integrand can be written 

_a_/a§£_a2£_ _ a§£_32£\ d^/dsc d 2 c as£ a 2 £\ 

dx\dy dxdy dx dy 2 / dy\ dx dxdy dy dx 2 )' 

i.e. as the (two-dimensional) divergence of a certain vector. The variation 
can therefore be written as a contour integral: 

«f((21 ) 2 - A 

J {\ dxdyj dx 2 dy 2 ) J I dx dxdy dy dx 2 ) 




J l \ dxdy/ dx 2 dy 2 ) J I dx dxdy dy dx 2 ) 

C I d§C a 2 £ 3S£ d 2 t\ 

4 (bd/costf -- - -- j, (12.2) 

J 1 dy dxdy dx dy 2 ) 

where 0 is the angle between the x-axis and the normal to the contour (Fig. 3). 
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The derivatives of with respect to x and y are expressed in terms of 
its derivatives along the normal n and the tangent 1 to the contour: 


0 0 

9 -k cos 0—. 

dn dl 


Then formula (12.2) becomes 


iO 


dx 2 dy 2 1 


0SA 0 2 £ 

dl —-12 sin 0 cos 0 —— 
dn l dxdy 


0 2 A 

-cos 2 0- } + 

dy 2 ) 


r dsa . / 0 2 £ 0 2 A . 02 £ ) 

+ a) dl -(sin 0 cos 0 (-) + (cos 2 9 — sin 2 0)-!. 

J dl \ \ dy 2 dx 2 / dxdy) 

The second integral may be integrated by parts. Since it is taken along a 
closed contour, the limits of integration are the same point, and we have 
simply 

r d I ld 2 t, 0 2 A . 02£ ) 

— cp d/S£- sin0 cos0(-) + (cos 2 0 — sin 2 0)-. 

J 0/1 \ dy 2 dx 2/ dxdy) 

Collecting all the above expressions and multiplying by the coefficients 
shown in formula (11.6), we obtain the following final expression for the 
variation of the free energy: 


W I r 


-i&t dl f——+(1 — i 

L dn 


sin0 cos 01 


+ (cos 2 0 — sin 2 0)-} + 

0x0yJJ 

- d/| A£ + (l — <7)^2 sin0 cos0- 

dH 0 2 (\|\ 

— sin 2 0—- -cos 2 0— . 

dx 2 dy 2 ))} 


In order to derive from this the equation of equilibrium for the plate, we 
must equate to zero the sum of the variation 8F and the variation 8U of the 
potential energy of the plate due to the external forces acting on it. This 
latter variation is minus the work done by the external forces in deforming the 
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plate. Let P be the external force acting on the plate, per unit areaj an( | 
normal to the surface. Then the work done by the external forces when the 
points on the plate are displaced a distance is JPo( d f. Thus the condition 
for the total free energy of the plate to be a minimum is 


SP pl -j>S£d/= 0. 


On the left-hand side of this equation we have both surface and contour 
integrals. The surface integral is 


A 2 (-P§(d/. 


J U2(l-CT 2 ) J 

The variation S£ in this integral is arbitrary. The integral can there| ol( 
vanish only if the coefficient of is zero, i.e. 


12(1-a 2 ) 


A %-P = 0. 


This is the equation of equilibrium for a plate bent by external forces acting 
on itj. 

The boundary conditions for this equation are obtained by equating to 
zero the contour integrals in (12.3). Here various particular cases have to | )C 
considered. Let us suppose that part of the edge of the plate is free, i.e. n<> 
external forces act on it. Then the variations 8£ and Sd^/dn on this part of 
the edge are arbitrary, and their coefficients in the contour integrals must be 
zero. This gives the equations 

0A£ dl 1 0 2 £ 0 2 £\ 

dn 0/1 \0* 2 dy 2 ) 

_ dH) n 


(cH_ 

- —) + 
dy 2 ) 


\ dx 2 


) = o. 


(12.6) 

SH _ 

dx 2 

COS20^1 = 0 , 

0_y 2 J 

(12.7) 


which must hold at all free points on the edge of the plate. 

The boundary conditions (12.6) and (12.7) are very complex. Considerable 
simplifications occur when the edge of the plate is clamped or supported if 
it is clamped (Fig. 4a), no vertical displacement is possible, and moreover no 

t The force P may he the result of laxly forces (c.k. the force of uravity), and is then equal 
integral of the hotly force over the thi* kurus ol the plate. 

j The < orUirirnt /> A7i*/I2(l —«*) in this equation is called the fltxurnl rigidity or i 

rtf’i<ftty of the plate. 
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bending is possible at the edge. The angle through which a given part of the 
edge turns from its initial position is (for small displacements £) the derivative 
dljdn. Thus the variations 8£ and S9£/3« must be zero at clamped edges, so 
that the contour integrals in (12.3) are zero identically. The boundary con¬ 
ditions have in this case the simple form 

£ = 0, dildn = 0. (12.8) 

The first of these expresses the fact that the edge of the plate undergoes no 
vertical displacement in the deformation, and the second that it remains 
horizontal. 



Fig. 4 

It is easy to determine the reaction forces on a plate at a point where it 
is clamped. These are equal and opposite to the forces exerted by the plate 
on its support. As we kfiow from mechanics, the force in any direction is 
equal to the space derivative, in that direction, of the energy. In particular, 
the force exerted by the plate on its support is given by minus the derivative 
of the energy with respect to the displacement £ of the edge of the plate, and 
the reaction force by this derivative itself. The derivative in question, how¬ 
ever, is just the coefficient of 8£ in the second integral in (12.3). Thus the 
reaction force per unit length is equal to the expression on the left of equation 
(12.6) (which, of course, is not now zero), multiplied by £Vi 3 /12(l — o 2 ). 

Similarly, the moment of the reaction forces is given by the expression on 
the left of equation (12.7), multiplied by the same factor. This follows at 
once from the result of mechanics that the moment of the force is equal to 
the derivative of the energy with respect to the angle through which the 
body turns. This angle is d£/dw, so that the corresponding moment is given 
by the coefficient of dS£/d« in the third integral in (12.3). Both these expres¬ 
sions (that for the force and that for the moment) can be very much simplified 
by virtue of the conditions (12.8). Since £ and 9£/9» are zero everywhere on 
the edge of the plate, their tangential derivatives of all orders are zero also. 
Using this and converting the derivatives with respect to x and y in (12.6) 
and (12.7) into those in the directions of n and 1, we obtain the following 
simple expressions for the reaction force F and the reaction moment M: 



( 12 . 10 ) 
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Another important case is that where the plate is supported (Fig. 41>), 
i.e. the edge rests on a fixed support, but is not clamped to it. In this case 
there is again no vertical displacement at the edge of the plate (i.e. on tIn¬ 
line where it rests on the support), but its direction can vary. Accordingly, 
we have in (12.3) 8£ = 0 in the contour integral, but 9S£/d« ^ 0. Hence 
only the condition (12.7) remains valid, and not (12.6). The expression on tin- 
left of (12.6) gives as before the reaction force at the points where the plate is 
supported; the moment of this force is zero in equilibrium. The boundary 
condition (12.7) can be simplified by converting to the derivatives in the direc¬ 
tion of n and I and using the fact that, since £ = 0 everywhere on the edge, the 
derivatives 9£/9Z and 9 2 £/d/ 2 are also zero. We then have the boundary 
conditions in the form 


£ = 0 , 


d 2 £ dd 9£ 

- 1 - a — •— 

dn 2 d/ dn 


( 12 . 11 ) 


PROBLEMS 

Problem 1. Determine the deflection of a circular plate (of radius R) with clamped edgea, 
placed horizontally in a gravitational field. 

Solution. We take polar co-ordinates, with the origin at the centre of the plate. The force 
on unit area of the surface of the plate is P — phg. Equation (12.5) becomes — M/1, 
where ft = 3 pg{ 1 — o*)/1 6h l E ; positive values of £ correspond to displacements downward. 
Since £ is a function of r only, we can put A = r~' d(rd/dr)/dr. The general integral is 
£ = /Sr 4 -! ar a +5+cr a log(r/.R)+dlog(r/i?). In the case in question we must put d 0, 
since log (r/R) becomes infinite at r 0, and c = 0, since this term gives a singularity in 
A £ at r = 0 (corresponding to a force applied at the centre of the plate; see Problem 3). The 
constants a and b are determined from the boundary conditions £ = 0, d£/dr = 0 for r It 
The result is £ = /3(R 2 —r 2 ) 2 . 

Problem 2. The same as Problem 1, but for a plate with supported edges. 

Solution. The boundary conditions (12.11) for a circular plate are 


£ = 0 , 


d 2 £ a d£ 
dr 2 r dr 


The solution is similar to that of Problem 1, and the result is 


/5 + or \ 

£ = /3(i? 2 — r 2 ) I —— R z — r 2 1. 

\1 + a 1 


Problem 3. Determine the deflection of a circular plate with clamped edges when a force 
/ is applied to its centre. 

Solution. We have A 2 £ = 0 everywhere except at the origin. Integration gives 


£ — ar 2 I h f cr 2 log(r/ R), 


the log r term again being omitted. The total force 


the plate is equal to the force / at its 
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centre. The integral of A 2 £ over the surface of the plate must therefore ho 


2i7 r A 2 £ dr = 


Hence c = 3(1 —o^fffarEbp. The constants a and b are determined from the boundary 
conditions. The result is 

3/( 1 — a 2 ) 

i = :w 2 -r z) - r2 log mi 

Problem 4. The same as Problem 3, but for a plate with supported edges. 

Solution. 


3/(1 -a 2 ) r3 + a 


r3 + <x ri 

-( R 2 — r 2 ) — 2r 2 log — . 

.l + o- r. 


Problem 5. Determine the deflection of a circular plate suspended by its centre and in a 
gravitational field. 

Solution. The equation for £ and its general solution are the same as in Problem 1. 
Since the displacement at the centre is £ = 0, we have c = 0. The constants a and b are 
determined from the boundary conditions (12.6) and (12.7), which are, for circular symmetry, 

dAg d/d 2 ^ ld£\ _ o d*C + ad£ = () 

d r dr\dr 2 r dr) ’ dr 2 r dr 


R 3 + ol 

£ = £r 2 r 2 + 8jR 2 log -h2i? 2 - . 

L r 1 + cr J 


Problem 6. A thin layer (of thickness h) is torn off a body by external forces acting against 
surface tension forces at the surface of separation. With given external forces, equilibrium is 
established for a definite area of the surface separated and a definite shape of the layer 
removed (Fig. 5). Derive a formula relating the surface tension to the shape of the 
layer removed.f 

\h 

,- 


Solution. The layer removed can be regarded as a plate with one edge (the line of separa¬ 
tion) clamped. The bending moment on the layer is given by formula (12.10). The work 
done by this moment when the length of the separated surface increases by is 

MdSZ/dx = MSxd^/dx 2 

(the work of the bending force F itself is a second-order quantity). The equilibrium condition 
is that this work should be equal to the change in the surface energy, i.e. to 2aS.*, where a is 


f This problem was discussed by I. V. Oiihkimov (1930) in ■ 
developed for measuring the surfarc tension of niiot. The m< 
method wen' the first direct nieasiirements ol the siirlm e tensio 


n witli a method which he 
nts which hr made by this 
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the surface-tension coefficient, the factor 2 allowing for the creation of two free surfaces by 
the separation. Thus 

Eh 2 i a 2 // 

24(1- a 2 ) w/ ' 

§13. Longitudinal deformations of plates 

Longitudinal deformations occurring in the plane of the plate, and not 
resulting in any bending, form a special case of deformations of thin plates. 
Let us derive the equations of equilibrium for such deformations. 

If the plate is sufficiently thin, the deformation may be regarded as uniform 
over its thickness. The strain tensor is then a function of x and y only (the 
xy-plane being that of the plate) and is independent of z. Longitudinal 
deformations of a plate are usually caused either by forces applied to its edges 
or by body forces in its plane. The boundary conditions on both surfaces of 
the plate are then = 0, or, since the normal vector is parallel to (he 

2 -axis, oi Z = 0, i.e. a xz = a yz = a zz = 0. It should be noticed, howevei, 
that in the approximate theory given below these conditions continue to 
hold even when the external tension forces are applied to the surfaces of tin¬ 
plate, since these forces are still small compared with the resulting longi¬ 
tudinal internal stresses (a xx , Oyy, a xy) in the plate. Since they arc zero at 
both surfaces, the quantities a xz , a yz , o zz must be small throughout the 
thickness of the plate, and we can therefore take them as approximately zero 
everywhere in the plate. 

Equating to zero the expressions (11.2), we obtain the relations 

U Z Z ~ — a{u xx + Uyy)j{\ — O'), U%z ~ Hyz ~ 0. (13.1) 

Substituting in the general formulae (5.13), we obtain for the non-zero com¬ 
ponents of the stress tensor 

E 

°xx — . ~{Uxz + au yy)( 

1 — cr 2 

E 

°yy — - ~{ u yy + cni xx ), (13.2) 

1 — cr 2 

E l 

°xy = ~ U X y- 

1 + 0 / 

It should be noticed that the formal transformation 

E Ej{\ — a 2 ), a -> cr/( 1 — a) (13.3) 

converts these expressions into those which give the relation between tin- 
stresses or xx , (T xy , (r yv and the strains u xx , u vy , u zz for a plane deformation 
(formulae (5.13) with u zz — ()). 

Having thus eliminated the- displacement u z , we can regard the plate as a 
two-dimensional medium (an “elastic plane”), of zero thickness, and take 
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the displacement vector u to be a two-dimensional vector with components 
u x and u y . If P x and P y are the components of the external body force per 
unit area of the plate, the general equations of equilibrium are 


'Soxx 

d Oxy 

i dx 

dy i 

'dOyx 

. dx 

S°yy 

dy ) 


j 1 d 2 u x 

1 

-L _ 

d 2 u x 
_|_ 

1 

11 — a 2 ~~dxp" 

2(1 + a) 

dy 2 

2(1-a 

( 1 d 2 Uy 

1 

| 

d 2 u y 

1 

il — a 2 dy 2 

2(1 +a) 

dx 2 

2(1-0] 


Substituting the expressions (13.2), we obtain the equations of equilibrium in 
the form 


+ P X = 0, 


These equations can be written in the two-dimensional vector form 

grad div u — 1(1 — a) curl curlu = — (1 — o 2 )VfEh, (13.5) 

where all the vector operators are two-dimensional. 

In particular, the equation of equilibrium in the absence of body forces is 

grad divu—§(1 — a) curlcurlu = 0. (13.6) 

It differs from the equation of equilibrium for a plane deformation of a body 
infinite in the ^-direction (§7) only by the sign of the coefficient (in accordance 
with (13.3)).f As for a plane deformation, we can introduce the stress function 
defined by 

Oxx = d 2 xjdy 2 , o xy = —d 2 xldxdy, o yy — d 2 x/dx 2 , (13.7) 
whereby we automatically satisfy the equations of equilibrium in the form 


Scr xx So X y 
dx dy 


dvyx ^ So yy — Q 
dx dy a 


The stress function, as before, satisfies the biharmonic equation, since for 
Ax we have 

Ax = o xx +o yy = E(u xx +u V y)l(l - o) = {2?/(l-a)) divu; 

this differs only by a factor from the result for a plane deformation. 

It may be pointed out that the stress distribution in a plate deformed by 
given forces applied to its edges is independent of the elastic constants of the 


f A deformation homogeneous in the nr-direction for which 
sometimes called a state of plane stress, as distinct from a plane 
u zz 0 everywhere. 
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material, for these constants appear neither in the biharmonic equation 
satisfied by the stress function, nor in the formulae (13.7) which determine 
the components a** from that function (nor, therefore, in the boundary 
conditions at the edges of the plate). 


PROBLEMS 

Problem 1. Determine the deformation of a plane disc rotating uniformly about an mn 
through its centre perpendicular; to its plane. 

Solution. The required solution differs only in the constant coefficients from the solution 
obtained in §7, Problem 5, for the plane deformation of a rotating cylinder. The radial 
displacement u T = u(r) is given by the formula 


pQ. 2 (\-o 2 ) /3 + cr 


-R 2 — r 2 \. 


This is the expression which gives that of §7, Problem 5, if the substitution (13.1) is made. 

Problem 2. Determine the deformation of a semi-infinite plate (with a siiaighi edge) 
under the action of a concentrated force in its plane, applied to a point on the edge 



Fig. 6 


Solution. We take polar co-ordinates, with the angle <f> measured from the direction ol 
the applied force; it takes values from —(ftr + a) to fw—a, where a is the angle between the 
direction of the force and the normal to the edge of the plate (Fig. 6). At every point .>1 the 
edge except that where the force is applied (the origin) we must have — o-,.^ (I I Ling 

the expressions for and <r r?s obtained in §7, Problem 11, we find that the stress linn.. 

must therefore satisfy the conditions 


d X 

- = constant, 

dr 


i d x 

-= constant, for d> = 

r df 


— (^77 + a), (i|7r — a). 


Both conditions are satisfied if x = With this substitution, the biharmonic cqunlion 


l ILL) 

r dr\ dr! 



gives solutions for of the forms sin <f>, cos <f> , <f> sin <f>, </> cos <f> . The first two of these lead to 
stresses which arc zero identically. The solution which gives the correct value for the force 
applied at the origin is 


x = -(/'77r)r</>sillc/,, o rr : (21'fnr) cos,/,, ,r rf = 0, (1) 


where F is the force per unit thickness of the plate, 
directions parallel and perpendieulnr to (he lon e f, 


lo»r, projecting (lie internal stresses on 
and integi at mg over a small semieitelr 
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§14. Large deflections of plates 

The theory of the bending of thin plates given in §§11—13 is applicable only 
to fairly small deflections. Anticipating the result given below, it may be 
mentioned here that the condition for that theory to be applicable is that the 
deflection £ is small compared with the thickness h of the plate. Let us now 
derive the equations of equilibrium for a plate undergoing large deflections. 
The deflection £ is not now supposed small compared with h. It should be 
emphasised, however, that the deformation itself must still be small, in the 
sense that the components of the strain tensor must be small. In practice, 
this usually implies the condition £ <^ /, i.e. the deflection must be small 
compared with the dimension l of the plate. 

The bending of a plate in general involves a stretching of it.f For small 
deflections this stretching can be neglected. For large deflections, however, 
this is not possible; there is therefore no neutral surface in a plate undergoing 
large deflections. The existence of a stretching which accompanies the 
bending is peculiar to plates, and distinguishes them from thin rods, which 
can undergo large deflections without any general stretching. This property 
of plates is a purely geometrical one. For example, let a flat circular plate be 
bent into a segment of a spherical surface. If the bending is such that the 
circumference of the plate remains constant, its diameter must increase. If the 
diameter is constant, on the other hand, the circumference must be reduced. 

The energy (11.6), which may be called the pure bending energy, is only 
the part of the total energy which arises from the non-uniformity of the 
tension and compression through the thickness of the plate, in the absence 
of any general stretching. The total energy includes also a part due to this 
general stretching; this may be called the stretching energy. 

Deformations consisting of pure bending and pure stretching have been 
considered in §§11-13. We can therefore use the results obtained in these 
sections. It is not necessary to consider the structure of the plate across its 
thickness, and we can regard it as a two-dimensional surface of negligible 
thickness. 

We first derive an expression for the strain tensor pertaining to the stretch¬ 
ing of a plate (regarded as a surface) which is simultaneously bent and 
stretched in its plane. Let u be the two-dimensional displacement vector 
(with components u x , %) for pure stretching; £, as before, denotes the trans¬ 
verse displacement in bending. Then the element of length dl = -\/(dx 2 + dy 2 ) 
of the undeformed plate is transformed by the deformation into an element 
dl\ whose square is given by d/' 2 = (dx + du x ) 2 + (dy + du y ) 2 + d £ 2 . Putting 
here du x = (du x jdx) d x + {du x fdy) dy, and similarly for d% and d£, we 
obtain to within higher-order terms dl' 2 = dl 2 + 2u afl dx a dx ll , where the 
two-dimensional strain tensor is defined as 

1 /du x du g \ 1 5£ 5£ 

aS 2 \dx s dx a ) 2 dx a d.Vg 

f An exception is, for instance, tlic bending of a flat plait* into a cylindrical ‘mi face. 


(14.1) 
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(In this and the following sections, Greek sullixes take the two values x and y ; 
as usual, summation over repeated suffixes is understood.) The terms quad¬ 
ratic in the derivatives of u a are here omitted; the same cannot, of course, be 
done with the derivatives of £, since there are no corresponding first-order 
terms. 

The stress tensor o aft due to the stretching of the plate is given by formula 
(13.2), in which u afi must be replaced by the total strain tensor given by 
formula (14.1). The pure bending energy is given by formula (11.6), and can 
be written JTi(£) da: dy, where Ti(£) denotes the integrand in (11.6). The 
stretching energy per unit volume of the plate is, by the general formulae. 
The energy per unit surface area is obtained by multiplying by //, 
so that the total stretching energy can be written J x V?.(u afl ) d f, where 

T 2 = \hu af a a0 . (14.2) 

Thus the total free energy of a plate undergoing large deflections is 

F p i = |{'F 1 (£) + Y 2 ( M ^)} d/. (14.3) 

Before deriving the equations of equilibrium, let us estimate the relative 
magnitude of the two parts of the energy. The first derivatives of £ are <>l 
the order of £//, where / is the dimension of the plate, and the second deriva¬ 
tives are of the order of £/Z 2 . Hence we see from (11.6) that Ti ~ hlPi-jP - 
The order of magnitude of the tensor components ly is £ 2 // 2 , and so 
T 2 ~ Ehtffl*. A comparison shows that the neglect of T 2 in the approximate 
theory of the bending of plates is valid only if £ 2 h 2 . 

The condition of minimum energy is SF+8U = 0, where U is the poten¬ 
tial energy in the field of the external forces. We shall suppose that the 
external stretching forces, if any, can be neglected in comparison with the 
bending forces. (This is always valid unless the stretching forces are very 
large, since a thin plate is much more easily bent than stretched.) Then we 
have for 8U the same expression as in §12: 8U = - JPS£ d f, where P is the 
external force per unit area of the plate. The variation of the integral J Ti df 
has already been calculated in §12, and is 

5 J' I ' ld/ = i2^)J A!£8?d/ ' 

The contour integrals in (12.3) are omitted, since they give only the boundary 
conditions on the equation of equilibrium, and not that equation itself, which 
is of interest here. 

Finally, let us calculate the variation of the integral J Y 2 df. The variation 
must be taken both with respect to the components of the vector u and witli 
respect to £. We have 

r r 3 To 

Sj To df = J ^ 8 df. 

The derivatives of the free energy per unit volume with respect to u a/f are 
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o a p\ hence d'V^jdu^p = ho ap . Substituting also for u a p the expression (14.1), 
we obtain 


Sj To d/ = h\o aB du ae df 

r (d8u a d8u„ dl S8£ 3S£ 3£ f 

= \h <xj-“ +- l+-Z--± + -l-l-\ df, 

J l dxp dx a dx x dxp dx a dx p ) 

or, by the symmetry of 

r r 1 98u 3S£ dl \ 

8 Y 2 d/=A UJ—d/. 

J j » OX0 uX0 OX a J 

Integrating by parts, we obtain 

8 JV 2 d/= -h + j (A) df. 

J J \ UX ft UX ft \ OXq^/ J 

The contour integrals along the circumference of the plate are again omitted. 
Collecting the above results, we have 


( d8u a 

3S£ 

4_ ___ 

5] 

l dx p 

i 

dxp 

dxj 


8F P i + 8U 


12(1 - a 2 ) 


A 2 £-A—Kr— -PS£-A- 


u a df = 0. 


In order that this relation should be satisfied identically, the coefficients of 
8£ and 8u a must each be zero. Thus we obtain the equations 


EK 3 3 

-A H-h — 

12(1-a 2 ) dx f 


(<-£)-* 


The unknown functions here are the two components u x , Uy of the vector 
u and the transverse displacement £. The solution of the equations gives both 
the form of the bent plate (i.e. the function £(x, y)) and the extension resulting 
from the bending. Equations (14.4) and (14.5) can be somewhat simplified 
by introducing the function x related to cr a/? by (13.7). Equation (14.4) then 
becomes 


12(1 — 0-2) 


A H~h 


d 2 x d h d *Z 9 2 X 9 2 £ 

dy 2 dx 2 dx 2 dy 2 dxdy dxdy 


= P. (14.6) 


Equations (14.5) are satisfied automatically by the expressions (13.7). Hence 
another equation is needed; this can be obtained by eliminating u a from the 
relations (13.7) and (13.2). 

To do this, we proceed as follows. We express u ap in terms of a ap , obtaining 
from (13.2) 


Uxx ~ (% rra !/v)l^'y 


(1 | <>)<r n/ //<. 
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Substituting here the expression (14.1) lor u a/l , and (13.7) for a ap , we find 
the equations 

du x l/8£\ 2 _ 1 /d 2 x a d2 A 
dx 2\9a;/ E 1 dy 2 dx 2 ) 


du y 1 / 3£ 
dy 2\dy. 


du x du y d£d£_ 2(1 +a) d 2 x 

dy dx dx dy E dxdy 

We take d 2 jdy 2 of the first, d 2 jdx 2 of the second, — d 2 jdxdy of the third, and 
add. The terms in u x and u y then cancel, and we have the equation 


fd 2 Z 9 2 £ 


1 dx 2 dy 2 

[dxdy/ j 


Equations (14.6) and (14.7) form a complete system of equations for large 
deflections of thin plates (A. Foppl 1907). These equations are very compli¬ 
cated, and cannot be solved exactly, even in very simple cases. It should he 
noticed that they are non-linear. 

We may mention briefly a particular case of deformations of thin plates, 
that of membranes. A membrane is a thin plate subject to large external 
stretching forces applied at its circumference. In this case we can neglect 
the additional longitudinal stresses caused by bending of the plate, and 
therefore suppose that the components of the tensor <j ap are simply equal to 
the constant external stretching forces. In equation (14.4) we can then 
neglect the first term in comparison with the second, and we obtain the 
equation of equilibrium 

ho aB1 ^ r +P = 0, (14.8) 

OX a UX ft 

with the boundary condition that £ = 0 at the edge of the membrane. This 
is a linear equation. The case of isotropic stretching, when the extension of 
the membrane is the same in all directions, is particularly simple. Let T be 
the absolute magnitude of the stretching force per unit length of the edge of 
the membrane. Then ha xp = T8 a/1> and we obtain the equation of equili¬ 
brium in the form 

TAC + F=0. (14.6) 


PROBLEMS 

Problem 1. Determine the deflection of a plate as a function of the force on it when 

Z>h. 

SOLUTION. An estimate of the terms in equation (hi.7) shows that \ ^ For £ - h, 

the first term in (14.6) is small compared with the second, which is of the order of magnitude 
h Cx/7 4 ^ /'7/£ a // 4 (/ being the dimension of tin* plate). If this is comparable with the external 
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force P, we have £ -- (/ 4 P/if/i)f. Hence, in particular, we see that £ is proportional to the 
cube root of the force. 

Problem 2. Determine the deformation of a circular membrane (of radius JR) placed 
horizontally in a gravitational field. 

Solution. We have P = pgh; in polar co-ordinates, (14.9) becomes 

1 _£ / d£\ _ pgh 
r dr l dr) T ' 

The solution finite for r = 0 and zero for r = R is £ = pgh(R 2 —r 2 )!4T. 

§15. Deformations of shells 

In discussing hitherto the deformations of thin plates, we have always 
assumed that the plate is flat in its undeformed state. However, deformations 
of plates which are curved in the undeformed state (called shells) have 
properties which are fundamentally different from those of the deformations 
of flat plates. 

The stretching which accompanies the bending of a flat plate is a second- 
order effect in comparison with the bending deflection itself. This is seen, 
for example, from the fact that the strain tensor (14.1), which gives this 
stretching, is quadratic in £. The situation is entirely different in the defor¬ 
mation of shells: here the stretching is a first-order effect, and therefore is 
important even for small bending deflections. This property is most easily 
seen from a simple example, that of the uniform stretching of a spherical 
shell. If every point undergoes the same radial displacement £, the length 
of the equator increases by 2 tt£. The relative extension is 2tt^2ttR = f!R, 
and hence the strain tensor also is proportional to the first power of £. This 
effect tends to zero as R -> co, i.e. as the curvature tends to zero, and is 
therefore due to the curvature of the shell. 

Let R be the order of magnitude of the radius of curvature of the shell, 
which is usually of the same order as its dimension. 1’hen the strain tensor 
for the stretching which accompanies the bending is of the order of £/i?, 
the corresponding stress tensor is ~ E^R, and the deformation energy per 
unit area is, by (14.2), of the order of Eh{l,jR ) 2 . The pure bending energy, on 
the other hand, is of the order of Eh 3 £ 2 /R 4 , as before. We see that the ratio of 
the two is of the order of ( Rfh ) 2 , i.e. it is very large. It should be emphasised 
that this is true whatever the ratio of the bending deflection £ to the thickness 
h, whereas in the bending of flat plates the stretching was important only 
for £ > h. 

In some cases there may be a special type of bending of the shell in 
which no stretching occurs. For example, a cylindrical shell (open at both 
ends) can be deformed without stretching if all the generators remain parallel 
(i.e. if the shell is, as it were, compressed along some generator). Such 
deformations without stretching are geometrically possible if the shell has 
free edges (i.e. is not closed) or if it is closed but its curvature has opposite 
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signs at different points. For example, a closed spherical shell cannot be 
bent without being stretched, but if a hole is cut in it (the edge of the hole 
not being fixed), then such a deformation becomes possible. Since the pun- 
bending energy is small compared with the stretching energy, it is clear that, 
if any given shell permits deformation without stretching, then such defor¬ 
mations will, in general, actually occur when arbitrary external forces act on 
the shell. The requirement that the bending is unaccompanied by stretching 
places considerable restrictions on the possible displacements u a . These 
restrictions are purely geometrical, and can be expressed as differential 
equations, which must be contained in the complete system of equilibrium 
equations for such deformations. We shall not pause to discuss this question 
further. 

If, however, the deformation of the shell involves stretching, then the 
tensile stresses are in general large compared with the bending stresses, 
which may be neglected. Shells for which this is done are called membranes. 

The stretching energy of a shell can be calculated as the integral 

F p i = \h J u af o ag df, (15.1) 

taken over the surface. Here u afi ( ol, /? = 1, 2) is the two-dimensional strain 
tensor in the appropriate curvilinear co-ordinates, and the stress tensor o afl 
is related to u a/} by formulae (13.2), which can be written, in two-dimensional 
tensor notation, as 


a *ft = £[(1 - ct)m^+ oS afi u 7Y ]l(l - a 2 ). (15.2) 

A case requiring special consideration is that where the shell is subjected 
to the action of forces applied to points or lines on the surface and directed 
through the shell. These may be, in particular, the reaction forces on the shell 
at points (or lines) where it is fixed. The concentrated forces result in a 
bending of the shell in small regions near the points where they are applied; 
let d be the dimension of such a region for a force/applied at a point (so that 
its area is of the order of d 2 ). Since the deflection £ varies considerably over a 
distance d, the bending energy per unit area is of the order of Eh^'Cfjd 4 , and t lie 
total bending energy (over an area ~ d 2 ) is of the order of F/z 3 £ 2 /d 2 . The strain 
tensor for the stretching is again ~ £//?, and the total stretching energy due to 
the concentrated forces is ~ Eh'Cfd 2 j R 2 . Since the bending energy increases 
and the stretching energy decreases with decreasing d, it is clear that both 
energies must be taken into account in determining the deformation near tin- 
point of application of the forces. The size d. of the region of bending is given 
in order of magnitude by the condition that the sum of these energies is a 
minimum, whence 


d ~ \ {his). 


(15.3) 
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The energy ~ ElfiCpIR. Varying this with respect to £ ami equating the result 
to the work done by the force /, we find the deflection £ ~ /Rj Eli 2 . 

However, if the forces acting on the shell are sufficiently large, the shape of 
the shell may be considerably changed by bulges which form in it. The 
determination of the deformation as a function of the applied loads requires 
special investigation in this unusual case./ 

Let a convex shell (with edges fixed in such a way that it is geometrically 
rigid) be subjected to the action of a large concentrated force/along the in¬ 
ward normal. For simplicity we shall assume that the shell is part of a sphere 
of radius R. The region of the bulge will be a spherical cap which is almost a 
mirror image of its original shape (Fig. 9 shows a meridional section of the 
shell). The problem is to determine the size of the bulge as a function of the 
force. 

The major part of the elastic energy is concentrated in a narrow strip near 
the edge of the bulge, where the bending of the shell is relatively large; we 
shall call this the bending strip and denote its width by d. This energy may be 
estimated, assuming that the radius r of the bulge region is much less than R, 
so that the angle a ^ 1 (Fig. 9). Then r = R sin a ~ Ra, and the depth of the 



Fig. 9 


bulge H = 2R(l — cos a) ~ Ra 2 . Let £ denote the displacement of points on 
the shell in the bending strip. Just as previously, we find that the energies of 
bending along the meridian and of stretching along the circle of latitude^: per 
unit surface area are respectively, in order of magnitude, £7z 3 £ 2 // 4 and 


f The results given below are due to A. V. Pogorelov (1960). A more precise analysis of the problem 
together with some similar ones is given in his book Teoriya obolochekpri zakriticheskikh deformatsiyakh 
(Theory of Shells at Supercritical Deformations ), Moscow 1965. 

| The curvature of the shell does not affect the bending along the meridian in the first approximation, 
so that this bending occurs without any general stretching along the meridian, as in the cylindrical 
bending of a flat plate. 


EhPp/R 2 . 'Flic order of magnitude of the displacement 4 is in this ease delei 
mined geometrically: the direction of the meridian changes by an angle - a 
over the width d, and so £ ~ ad ~ rd/R. Multiplying by the area of the bend 
ing strip ( ~rd ), we obtain the energies Eh 3 r 3 jR 2 d and Ehd'V'jlE. ’Flic condi 
tion for their sum to be a minimum again gives d~\/(hR), and the total 
elastic energy is then ~ Er 3 (h/R) 5/2 , orf 

constant x EW 2 . H 3I2 /R. (15.1) 

In this derivation it has been assumed that d<^r; formula (15.4) is therefore 
valid if the condition^; 

Rhjr 2 -4 1 (15.5) 

holds. 

The required relation between the depth of the bulge H and the applied 
force/ is obtained by equating/to the derivative of the energy (15.4) with 
respect to H. Thus we find 

H ~ f 2 R 2 IE 2 h 5 . (I5.fi) 

It should be noticed that this relation is non-linear. 

Finally, let the deformation (bulge) of the shell occur under a uniform 
external pressure/. In this case the work done is/AF, where AF~-//r ! ~ ll 'R 
is the change in the volume within the shell when the bulge occurs. Fqustiiig 
to zero the derivative with respect to H of the total free energy (the dillerence 
between the elastic energy (15.4) and this work), we obtain 

H~hSE 2 jRy. ( 15 . 7 ) 

The inverse variation (H increasing when/ decreases) shows that in this case 
the bulge is unstable. The value of H given by formula (15.7) corresponds In 
unstable equilibrium for a given /: bulges with larger values of // grow <>l 
their own accord, while smaller ones shrink (it is easy to verify that (15.7) 
corresponds to a maximum and not a minimum of the total free energy). 
There is a critical value / cr of the external load beyond which even small 
changes in the shape of the shell increases in size spontaneously. This value 
may be defined as that which gives H~h in (15.7): 

p ct ~Eh 2 jR 2 . (15. H) 

We shall add to the above brief account of shell theory only a few simple 
examples in the following Problems. 


t A more accurate calculation shows that the constant coefficient is 1.2 (1— <* 2 ) ‘ 
t When a bulge is formed, the outer layers of a spherical segment become the inner one's and mr 
therefore compressed, while the inner layers become the outer ones and are stretched. The relative 
extension (or compression) ~hjR, and so the corresponding total energy in the region of the bulge 
~ E(h/R) z hr*. With the condition (15.5) it is in fact small in comparison with the energy {I S. l) in 
the bending strip. 
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PROBLEMS 

Problem 1. Derive the equations of equilibrium for a spherical shell (of radius K) deformed 
symmetrically about an axis through its centre. 

Solution. We take as two-dimensional co-ordinates on the surface of the shell the angles 
6, <f> in a system of spherical polar co-ordinates, whose origin is at the centre of the sphere and 
polar axis along the axis of symmetry of the deformed shell. 

Let P r be the external radial force per unit surface area. This force must be balanced by a 
radial resultant of internal stresses acting tangentially on an element of the shell. The con¬ 
dition is 

K°w +a oe)l R = p r- (1) 

This equation is exactly analogous to Laplace’s equation for the pressure difference between 
two media caused by surface tension at the surface of separation. 

Next, let Qz{8) be the resultant of all external forces on the part of the shell lying above the 
co-latitude 8-, this resultant is along the polar axis. The force Qz(B) must be balanced by the 
projection on the polar axis of the stresses InRhagg sin 0 acting on the cross-section 2nRh sin 6 
of the shell at that latitude. Hence 

277 Rh(j ge sin 2 # = Qz{0). (2) 

Equations (1) and (2) determine the stress distribution, and the strain tensor is then given 
by the formulae 

u ee = {°ee-U H = {a H -a(j gg )IE, UQtj — 0. (3) 

Finally, the displacement vector is obtained from the equations 
1 f dllg \ 1 

u ee = jj-I+ «rj- u B(j) = — (u g cot 9+u r ). (4) 


Problem 2. Determine the deformation under its own weight of a hemispherical shell 
convex upwards, the edge of which moves freely on a horizontal support (Fig. 10). 



Fig.10 

Solution. We have P r = —pgh cos 6, Qz - — 2nR 2 pgh(l —cos 0); Qz is the total weight 
of the shell above the circle of co-latitude 8. From (1) and (2) of Problem 1 we find 



= Rpg( -COS (A. 

^ll + COS# / 


From (3) we calculate u ^ and ugg, and then obtain ug and u r from (4); the constant in the 
integration of the first equation (4) is chosen so that for 8 — in we have ug = 0. The result 
is 


Ug = 

Ilf “ 


R 2 pg( l + a) 

1 cos# 

E 

(1+ cos # 

R 2 pg( 1 + °) 

fl_^ 

E f 

l 1+, 


-f log(l 4- cos 6) | sin 6, 

-cos 6 — cos 6 log(l + cos #)]. 


The value of u r for 9 — \tt gives the horizontal displacement of the support. 
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Problem 3. Determine the deformation of a hemispherical shell with clamped edges, 
convex downwards and filled with liquid (Fig. 11); the weight of the shell itself can be 
neglected in comparison with that of the liquid. 



Fig. 11 


Solution. We have 


Pr = pogR COS d, P g = 0, 


r . 2 

Q z = 2ttR 2 P r COS 9 sin 0 do = ^rrR 3 pog( 1 — cos 3 #), 


where p 0 is the density of the liquid. We find from (1) and (2) of Problem 1 

R 2 pog 1 — cos 3 # R 2 pog —1 + 3 cos 6 — 2 cos 3 # 

06 3 h sin 2 # ’ ^ 3 h sin 2 # 


The displacements are 


R 3 P0g(l + o) . r cos# 

-sin # - 

3 Eh Ll + cos 


f cos # 1 

# —- — + log( 1 + cos #) I, 

Ll + cos# J 


R 3 pog( 1 + cr) r 3 COS # I 

Ur = COS # l0g(l + COS #) - 1 + —- ■ 

3M L 1 + o J 

For 8 = in, u r is not zero as it should be. This means that the shell is actually so severely bent 
near the clamped edge that the above solution is invalid. 

Problem 4. A shell in the form of a spherical cap rests on a fixed support (Fig. 12). Detn 
mine the bending resulting from the weight Q of the shell. 



Fig. 12 
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Solution. The main deformation occurs near tiie edge, which is bent as shown by the 
dashed line in Fig. 12. The displacement ug is small compared with the radial displacement 
u r = £. Since £ decreases rapidly as we move away from the supported edge, the deformation 
can be regarded as that of a long flat plate (of length 2tiR sin oc). This deformation is composed 
of a bending and a stretching of the plate. The relative extension at each point is HR (R 
being the radius of the shell), and therefore the stretching energy is ££ 3 /2it a per unit volume. 
Using as the independent variable the distance x from the line of support, we have for the 
total stretching energy 


The bending energy is 


Eh r 

Fi p i = 2ttR sin a- £ 2 dx. 

2RZJ 

Eh 3 /■/ d 2 A 2 


F‘> pi = 2ttR sin a 


'24(1-a 2 ) 


fH'd* 

J l dxV 


Varying the sum F v \ — F x p] + F 2 with respect to £, we obtain 

d 4 £ 12(1 -a 2 ) 

- 4 -—.. X = 0 . 

d x 4 h 2R2 

For x -*■ oo, £ must tend to zero, and for * = 0 we must have the boundary conditions of 
zero moment of the forces (£" = 0) and equality of the normal force and the corresponding 
component of the force of gravity: 


2ttR sin a- — O cos a. 

12(1 - a 2 ) 

The solution which satisfies these conditions is £ = Ae~ KX cos kx, where 


■3(1-a 2 )-] I / 4 

0 cot a 

A = 

'3JR 2 (1 —a 2 )" 

. h 2 R 2 J ’ 

Eh 

SttIR 


The bending of the shell is 

d = £(0) cos a = A cos a. 

§16. Torsion of rods 

Let us now consider the deformation of thin rods. This differs from all 
the cases hitherto considered, in that the displacement vector u may be large 
even for small strains, i.e. when the tensor Uik is small.-)- For example, when 
a long thin rod is slightly bent, its ends may move a considerable distance, 
even though the relative displacements of neighbouring points in the rod 
are small. 

There are two types of deformation of a rod which may be accompanied by 
a large displacement of certain parts of it. One of these consists in bending 


f The only exception is a simple extension of a 
vector u is always small if the tensor r/f* is small, i.> 


change of shape, 
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the rod, and the other in twisting it. We shall begin by considering the latter 
case. 

A torsional deformation is one in which, although the rod remains straight, 
each transverse section is rotated through some angle relative to those below 
it. If the rod is long, even a slight torsion causes sufficiently distant emss- 
sections to turn through large angles. The generators on the sides of the rod, 
which are parallel to its axis, become helical in form under torsion. 

Let us consider a thin straight rod of arbitrary cross-section. We take a 
co-ordinate system with the .e-axis along the axis of the rod and the origin 
somewhere inside the rod. We use also the torsion angle r, which is the angle 
of rotation per unit length of the rod. This means that two neighbouring 
cross-sections at a distance d.s will rotate through a relative angle d</> nli 
(so that t = dfldz). The torsional deformation itself, i.e. the relative din 
placement of adjoining parts of the rod, is assumed small. The condition 
for this to be so is that the relative angle turned through by cross-sections 
of the rod at a distance apart of the order of its transverse dimension R is 
small, i.e. 

tR -4 1. (16.1) 

Let us examine a small portion of the length of the rod near the origin, and 
determine the displacements u of the points of the rod in that portion. As 
the undisplaced cross-section we take that given by the ary-plane.- When a 
radius vector r turns through a small angle 8cj>, the displacement of its end 
is given by 

Sr = S4> Xr, (16.2) 

where S<J> is a vector whose magnitude is the angle of rotation and whose 
direction is that of the axis of rotation. In the present case, the rotation is 
about the 2 -axis, and for points of co-ordinate 2 the angle of rotation relative 
to the xy- plane is tz (since r can be regarded as a constant in some region 
near the origin). Then formula (16.2) gives for the components u x , u y of the 
displacement vector 

u x = —rzy, u v = rzx. (16.1) 

When the rod is twisted, the points in it in general undergo a displacement 
along the 2 -axis also. Since for r = 0 this displacement is zero, it may hr 
supposed proportional to r when r is small. Thus 

u z = rtp(x, y), (It).d) 

where <p(x, y) is some function of x and y, called the torsion function. As n 
result of the deformation described by formulae (16.3) and (16.4), each emss- 
section of the rod rotates about the 2 -axis, and also becomes curved instead 
of plane. It should be noted that, by taking the origin at a particular point in 
the ary-plane, we “fix” a certain point in the cross-section of the rod in such n 
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way that it cannot move in that plane (but it can move in the ^-direction). 
A different choice of origin would not, of course, affect the torsional deforma¬ 
tion itself, but would give only an unimportant displacement of the rod as a 
whole. 

Knowing u, we can find the components of the strain tensor. Since u is 
small in the region under consideration, we can use the formula 


ua = \(duijdx k +dukldxi). 


The result is 


u xx — u yy — U x y — U zz — 0, 

/dip \ /dtp \ 

Uxz = ^\dx ~ y r = ( 16 ' 5 ) 

It should be noticed that uu = 0; in other words, torsion does not result in 
a change in volume, i.e. it is a pure shear deformation. 

For the components of the stress tensor we find 

Gxx ~ G yy “ °zz = ®xy — 

a xz = 2jM xz = °yz = 2 [Myz = (16.6) 

Here it is more convenient to use the modulus of rigidity /i in place of E and 
<t. Since only <j xz and a yz are different from zero, the general equations 
of equilibrium daacjdxic = 0 reduce to 

-^+•^ = 0. (16.7) 

dx dy 

Substituting (16.6), we find that the torsion function must satisfy the equation 

A <A = o, (16.8) 

where A is the two-dimensional Laplacian. 

It is rather more convenient, however, to use a different auxiliary function 
X (#» y)’ defined by 

Oxz = 2 txrdxldy, a yz = -2^rdy/dx; (16.9) 

this function satisfies more convenient boundary conditions on the circum¬ 
ference of the rod (see below). Comparing (16.9) and (16.6), we obtain 

dtp dy dtp dy 

— =y + 2—, -=-x-2—. (16.10) 

dx dy dy dx 

Differentiating the first of these with respect to y, the second with respect to 


§ 1 (> Tmsum nj unis 71 

x, and subtracting, we obtain for the function y the equation 

Ax = — 1- (16.11) 

To determine the boundary conditions on the surface of the rod, we note 
that, since the rod is thin, the external forces on its sides must be small com¬ 
pared with the internal stresses in the rod, and can therefore be put equal to 
zero in seeking the boundary conditions. This fact is exactly analogous to 
what we found in discussing the bending of thin plates. Thus we must have 
citw* = 0 on the sides of the rod; since the ^-direction is along the axis, 
n z = 0, and this equation becomes 

^ZX^xT cr z y7ly = 0 . 

Substituting (16.9), we obtain 


The components of the vector normal to a plane contour (the circumference 
of the rod) are n x = — dy/d/, n y — dx/dl, where x and y are co-ordinates 
of points on the contour and dl is an element of arc. Thus we have 

dv dy 

— dx + — dy = d x = 0, 
dx dy 

whence y — constant, i.e. x' s constant on the circumference. Since only 
the derivatives of the function y appear in the definitions (16.9), it is clear 
that any constant may be added to x- If the cross-section is singly connected, 
we can therefore use, without loss of generality, the boundary condition 


on equation (16.11).f 



For a multiply connected cross-section, however, y will have different 
constant values on each of the closed curves bounding the cross-section. 


■f The problem of determining the torsion deformation from equation (16.11) vvitli the boundmv 
condition (16.12) is formally identical with that of determining the bending of n uniformly loaded 
plane membrane from equation (14.9). 

It is useful to note also an nnalogy witli fluid mechanics: an equation of the form (16.1 1) detemiinrn 
the velocity distribution tj(,t, r) for a viscous fluid in a pipe, and the boundary condition (16.12) 
corresponds to the condition n 0 at the fixed walls of the pipe (see I'luui Mnhunit\ t §17). 
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Hence we can put x = 0 on only one ol these curves, lor instance the outer¬ 
most (Co in Fig. 13). The values of x on the remaining bounding curves are 
found from conditions which are a consequence of the one-valuedness of the 
displacement u z = r>ji(x, y) as a function of the co-ordinates. For, since the 
torsion function y ) is one-valued, the integral of its differential di p round 

a closed contour must be zero. Using the relations (16.10), we therefore 
have 

(2 d * + ! d3 ') 

= — 2 (j) Ay — —■ Ax j — 2 (j) (x d_y — y dx) 


where Bx/dn is the derivative of the function x along the outward normal 
to the curve, and S the area enclosed by the curve. Applying (16.13) to each 
of the closed curves Ci, Co, ... , we obtain the required conditions. 

Let us determine the free energy of a rod under torsion. The energy per 
unit volume is 

F = \oilcUlk = O XZ Uxz+ Oyzllyz = (<J XZ 2 + Oy z Z )/2fl 

or, substituting (16.9), 

F “ ^[(l) +(|)] = V ! (gradtf, 

where grad denotes the two-dimensional gradient. The torsional energy 
per unit length of the rod is obtained by integrating over the cross-section 
of the rod, i.e. it is ^CV 2 , where the constant C = 4/cJ' (grad y) 2 Af, and is 
called the torsional rigidity of the rod. The total elastic energy of the rod is 
equal to the integral 


Fro (I = 2 J Ct 2 Az, 


taken along its length. 
Putting 


(grady) 2 = div(xgradx)-xAx = div(y grady) + y 

and transforming the integral of the first term into one along the circumference 
of the rod, we obtain 


C = v 


Al+4/i j x d /- 


§16 Torsion of rods /'.i 

If the cross-section is singly connected, the first term vanishes by (he 
boundary condition x = 0, leaving 

C = 4jx | x Ax Ay. (I 6. I 6) 

For a multiply connected cross-section (Fig. 13), we put y = 0 on the oiiin 
boundary Co and denote by xtc the constant values of x on the inner boun¬ 
daries Cic, obtaining by (16.13) 

C = 4/x^T xkSt + 4/x C x Ax Ay; (16.17) 

*■ 


it should be remembered that, in integrating in the first term in (16.1 S), u c y, > 
anti-clockwise round the contour Co and clockwise round all the oilier:;. 

Let us consider now a more usual case of torsion, where one of (lie ends <>1 
the rod is held fixed and the external forces are applied only to the otliei end 
These forces are such that they cause only a twisting of the rod, and no min i 
deformation such as bending. In other words, they form a couple which twists 
the rod about its axis. The moment of this couple will be denoted by M 

We should expect that, in such a case, the torsion angle r is constant 
along the rod. This can be seen, for example, from the condition that the li re 
energy of the rod is a minimum in equilibrium. The total energy ol a dc 
formed rod is equal to the sum F r0 d+ U, where U is the potential energy 
due to the action of the external forces. Substituting in (16.14) r d</>/de 
and varying with respect to the angle <f>, we find 



Az+8U 


r Ad> A8d> 

C—— ■—— Az + 8U = 0, 
J dsr ds 


or, integrating by parts, 



Az+8U+[Cr8<f>] = 0. 


The last term on the left is the difference of the values at the limits ol inn 
gration, i.e. at the ends of the rod. One of these ends, say the lower one. im 
fixed, so that 8</> = 0 there. The variation 8U of the potential energy is 
minus the work done by the external forces in rotation through an angle <V/. 
As we know from mechanics, the work done by a couple in such a rotation 
is equal to the product MS</> of the angle of rotation and the moment ol the 
couple. Since there are no other external forces, 8U ----- - and we 

have 

| dar+ [&/>(- M+ LV)] - I). (16.18) 


The second term on the left has its value at die upper end ol the rod. In the 
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integral over xr, the variation S(f> is arbitrary, and so we must have 

C dr/dz = 0, 
i.e. 

r = constant. (16.19) 

Thus the torsion angle is constant along the rod. The total angle of rotation 
of the upper end of the rod relative to the lower end is rl y where / is the length 
of the rod. 

In equation (16.18), the second term also must be zero, and we obtain the 
following expression for the constant torsion angle: 

t = M/C. (16.20) 

PROBLEMS 

Problem 1. Determine the torsional rigidity of a rod whose cross-section is a circle of 
radius R. 

Solution. The solutions of Problems 1-4 are formally identical with those of problems of 
the motion of a viscous fluid in a pipe of corresponding cross-section (see the last footnote 
to this section). The discharge Q is here represented by C. 

For a rod of circular cross-section we have, taking the origin at the centre of the circle, 
X ~ i(R 2 — V s ). and the torsional rigidity is C — £ pirR*. For the function < fi we have, 
from (16.10), <p = constant. A constant </>, however, corresponds by (16.4) to a simple dis¬ 
placement of the whole rod along the rr-axis, and so we can suppose that ip = 0. Thus the 
transverse sections of a circular rod undergoing torsion remain plane. 

Problem 2. The same as Problem 1, but for an elliptical cross-section of semi-axes a 
and b. 

Solution. The torsional rigidity is C = n /<T6 S (<j s 4 b 1 ). The distribution of longitudinal 
displacements is given by the torsion function <p = (6 s — a 2 )xyl(b*+a 2 ), where the co-ordinate 
axes coincide with those of the ellipse. 

Problem 3. The same as Problem 1, but for an equilateral triangular cross-section of 
side a. 

Solution. The torsional rigidity is C = ■\/3im , I8 0. The torsion function is 

tfi = y(x\/3+y)(xs/3-y)l6a 

the origin being at the centre of the triangle and the x-axis along an altitude. 

Problem 4. The same as Problem 1, but for a rod in the form of a long thin plate (of 
width d and thickness h d). 

Solution. The problem is equivalent to that of viscous fluid flow between plane parallel 
walls. The result is that C = indh 3 . 

Problem 5. The same as Problem 1, but for a cylindrical pipe of internal and external 
radii R y and R 2 respectively. 

Solution. The function x — l(f9 2 ~r ! ) (in polar co-ordinates) satisfies the condition 
(16.13) at both boundaries of the annular cross-section of the pipe. From formula (16.17) 
we then find C = £/ct(J? 2 4 — R^). 

Problem 6. The same as Problem 1, but for a thin-walled pipe of arbitrary cross-section. 

Solution. Since the walls are thin, we can assume that x varies through the wall thickness 
h, from zero on one side to A'i on the other, according to the linear law \ - - A'i vjh (y being a 
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co-ordinate measured through the wall). Then the condition (16.13) gives Ljh S, 
where L is the perimeter of the pipe cross-section and S the area which it encloses. The 
second term in the expression (16.17) is small compared with the first, and we obtain 
C = 4hS*fi!L. If the pipe is cut longitudinally along a generator, the torsional rigidity falls 
sharply, becoming (by the result of Problem 4) C — \ixLh*. 

§17. Bending of rods 

A beqt rod is stretched at some points and compressed at others. Lines on 
the convex side of the bent rod are extended, and those on the concave side 
are compressed. As with plates, there is a neutral surface in the rod, which 
undergoes neither extension nor compression. It separates the region of 
compression from the region of extension. 

Let us begin by investigating a bending deformation in a small portion of 
the length of the rod, where the bending may be supposed slight; by this we 
here mean that not only the strain tensor but also the magnitudes of the dis¬ 
placements of points in the rod are small. We take a co-ordinate system with 
the origin on the neutral surface in the portion considered, and the xr-axis 
parallel to the axis of the undeformed rod. Let the bending occur in the 
arx-plane.j- 

As in the bending of plates and the twisting of rods, the external forces on 
the sides of a thin bent rod are small compared with the internal stresses, and 
can be taken as zero in determining the boundary conditions at the sides of the 
rod. Thus we have everywhere on the sides of the rod crank = 0, or, since 
tt z = 0, v xx n x + o-xytiy = 0, and similarly for i = y, z. We take a point on 
the circumference of a cross-section for which the normal n is parallel to the 
x-axis. There will be another such point somewhere on the opposite side 
of the rod. At both these points n y = 0, and the above equation gives 
a xx = 0. Since the rod is thin, however, a xx must be small everywhere in the 
cross-section if it vanishes on either side. We can therefore put rr xx 0 
everywhere in the rod. In a similar manner, it can be seen that all the coin 
ponents of the stress tensor except o zz must be zero. That is, in the bending 
of a thin rod only the extension (or compression) component of the internal 
stress tensor is large. A deformation in which only the component a... ol 
the stress tensor is non-zero is just a simple extension or compression (§S). 
Thus there is a simple extension or compression in every volume element ol 
a bent rod. The amount of this varies, of course, from point to point in every 
cross-section, and so the whole rod is bent. 

It is easy to determine the relative extension at any point in the rod. Let 
us consider an element of length dxr parallel to the axis of the rod and near 
the origin. On bending, the length of this element becomes dtr'. The oidy 
elements which remain unchanged are those which lie in the neutral surface. 
Let R be the radius of curvature of the neutral surface near the origin. The 


f In a rod undergoing only small deflections we can suppose that the bending occurs in a single 
plane. This follows from the result of differential geometry that the deviation of a slightly bent curve 
from a plane (its torsion) is of a higher order of smallness than its curvature. 
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lengths du and d.cr can l)c regarded as elements ol arcs ol circles whose radii 
are respectively R and R + x, x being the co-ordinate of the point where 
ds' lies. Hence 

R+x / x\ 

d* + 

The relative extension is therefore (dU-ds)/d,s = xjR. 

The relative extension of the element dx, however, is equal to the com¬ 
ponent u zz of the strain tensor. Thus 

u zz = xjR. (17.1) 

We can now find a zz by using the relation <j zz = Eu zz which holds for a 
simple extension. This gives 

a zz = ExjR. (17.2) 

The position of the neutral surface in a bent rod has now to be determined. 
This can be done from the condition that the deformation considered must 
be pure bending, with no general extension or compression of the rod. The 
total internal stress force on a cross-section of the rod must therefore be 
zero, i.e. the integral J a zz d/, taken over a cross-section, must vanish. Using 
the expression (17.2) for a zz , we obtain the condition 

j x df = 0. (17.3) 

We can now bring in the centre of mass of the cross-section, which is that 
of a uniform flat disc of the same shape. The co-ordinates of the centre of 
mass are, as we know, given by the integrals J x dfj J df, fydf/J df. Thus the 
condition (17.3) signifies that, in a co-ordinate system with the origin in the 
neutral surface, the x co-ordinate of the centre of mass of any cross-section 
is zero. The neutral surface therefore passes through the centres of mass 
of the cross-sections of the rod. 

Two components of the strain tensor besides u zz are non-zero, since for a 
simple extension we have u xx = u yy = — cni zz . Knowing the strain tensor, 
we can easily find the displacement also: 

Uzz = diiz/dz = xjR, du x jdx = du y jdy = - ax/R, 

du z du x du x du y du v du z 

— = 0 , —-- + —= 0 , — +--= 0 . 

ox dz dy dx dz dy 

Integration of these equations gives the following expressions for the com¬ 
ponents of the displacement: 

1 

u x =-—Tg2 -J_ 0.(^2 _ y2)| 

2R l K y (17.4) 

u y = — crxy/R, u z = xzjR. 

The constants of integration have been put equal to zero; this means that 
we “fix” the origin. 
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It is seen from lormulac (17.4) that the points initially on a cross-sect ion 
z = constant = .no will be found, alter the deformation, on the surface 
z = Zq + u z = Zo(l + xjR). Wc see that, in the approximation used, the 
cross-sections remain plane but are turned through an angle relative to their 
initial positions. The shape of the cross-section changes, however; for 
example, when a rod of rectangular cross-section (sides a, b) is bent, the sides 
y = ± \b of the cross-section become y = ± \b + u y = + i/j( 1 - ax/R), i.e. 
no longer parallel but still straight. The sides x = + | a, however, are bent 
into the parabolic curves 

1 

x = ±\a + u x = ±|a - [« 0 2 +o-(i a 2 -y 2 )] 

(Fig. 14). 



Fig.14 


The free energy per unit volume of the rod is 
2 VilcUiJc = \o zz llzz = } Z EX 2 /R 2 . 

Integrating over the cross-section of the rod, we have 

\{EjR 2 ) j" x 2 df. (17.3) 

This is the free energy per unit length of a bent rod. The radius of curvalmc 
R is that of the neutral surface. However, since the rod is thin, R can line 
be regarded, to the same approximation, as the radius of curvature of ilu- 
bent rod itself, regarded as a line (often called an “elastic line”). 

In the expression (17.5) it is convenient to introduce the moment ol 
inertia of the cross-section. The moment of inertia about the v-axis in its plane 
is defined as 

l y — J.v 2 df, (17.0) 

analogously to the ordinary moment of inertia, but with the surface element 
df instead of the mass element. Then the free energy per unit length of the 
rod can be written 

Uily/ir-. 


(17.7) 
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W'e can also determine the moment of the internal stress forces on a given 
cross-section of the rod (the bending moment). A force o zz df = (xE/R) df 
acts in the ^--direction on the surface element df of the cross-section. Its 
moment about the y-axis is xcr zz df. Hence the total moment of the forces 
about this axis is 

My = (E/R) J *2 df = EJy/R. (17.8) 

Ihus the curvature 1 jR of the elastic line is proportional to the bending 
moment on the cross-section concerned. 

T he magnitude of I y depends on the direction of the y-axis in the cross- 
sectional plane. It is convenient to express I y in terms of the principal 
moments of inertia. If d is the angle between the y-axis and one of the 
principal axes of inertia in the cross-section, we know from mechanics that 

I y = I x cos 2 0 + / 2 sin 2 0, (17.9) 

where h and / 2 are the principal moments of inertia. The planes through 
the 2 -axis and the principal axes of inertia are called the principal planes of 
bending. 

If, for example, the cross-section is rectangular (with sides a , b), its centre 
of mass is at the centre of the rectangle, and the principal axes of inertia 
are parallel to the sides. The principal moments of inertia are 

h = a*bjl2, I 2 = aZ> 3 /12. (17.10) 

For a circular cross-section of radius R, the centre of mass is at the centre 
of the circle, and the principal axes are arbitrary. The moment of inertia 
about any axis lying in the cross-section and passing through the centre is 

I = \ttR\ (17.11) 

§18. The energy of a deformed rod 

In §17 we have discussed only a small portion of the length of a bent rod. 
In going on to investigate the deformation throughout the rod, we must 
begin by finding a suitable method of describing this deformation. It is 
important to note that, when a rod undergoes large bending deflections,f 
there is in general a twisting of it as well, so that the resulting deformation 
is a combination of pure bending and torsion. 

T o describe the deformation, it is convenient to proceed as follows. We 
divide the rod into infinitesimal elements, each of which is bounded by two 
adjacent cross-sections. For each such element we use a co-ordinate system 

V> £; so chosen that all the systems are parallel in the undeformed state, 
and their {-axes are parallel to the axis of the rod. When the rod is bent, the 


t By this, it should be remembered, we mean that the vector u is not small, but the strain tensor 
is still small. 
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co-ordinate system in each element is rotated, and in general diflcrently in 
different elements. Any two adjacent systems arc rotated through an infini¬ 
tesimal relative angle. 

Let d<t> be the vector of the angle of relative rotation of two systems at a 
distance dl apart along the rod (we know that an infinitesimal angle of rotation 
can be regarded as a vector parallel to the axis of rotation; its components 
are the angles of rotation about each of the three axes of co-ordinates). 

To describe the deformation, we use the vector 

£2 = d<t»/d/, (18.1) 

which gives the “rate” of rotation of the co-ordinate axes along the rod. II 
the deformation is a pure torsion, the co-ordinate system rotates only about 
the axis of the rod, i.e. about the {-axis. In this case, therefore, the vector 
£2 is parallel to the axis of the rod, and is just the torsion angle r used in §H>. 
Correspondingly, in the general case of an arbitrary deformation we can call 
the component of the vector £2 the torsion angle. For a pure bending ol tin- 
rod in a single plane, on the other hand, the vector £2 has no component U c , 
i.e. it lies in the {?j-plane at each point. If we take the plane of bending as I hr 
{{-plane, then the rotation is about the ^-axis at every point, i.e. £2 is parallel 
to the rj-axis. 

We take a unit vector t tangential to the rod (regarded as an elastic line). 
The derivative dt/d/ is the curvature vector of the line; its magnitude is 
IjR, where R is the radius of curvature,f and its direction is that ol the 
principal normal to the curve. The change in a vector due to an infinitesimal 
rotation is equal to the vector product of the rotation vector and the vector 
itself. Hence the change in the vector t between two neighbouring points ol 
the elastic line is given by dt = d<J> X t, or, dividing by dl, 

dt/d/ = £2 Xt. (18.7.) 

Multiplying this equation vectorially by t, we have 

£2 = txdt/d/+ t(t • £2). (1K..5) 

The direction of the tangent vector at any point is the same as that ol the 
{-axis at that point. Hence t • £2 = Using the unit vector n along (hr 
principal normal (n = R dt/d/), we can therefore put 

£2 = tXn/R + tn c . (18.4) 

The first term on the right is a vector with two components ,U t , U, 
The unit vector tXn is the binormal unit vector. Thus the components U t , 
Q v form a vector along the binomial to the rod, whose magnitude equals the 
curvature 1 jR. 

\ It may hr mulled that any < urve in space in characterised at nu ll point by a curvature anil a 
torsion. Thin torsion (which uc shall not use) should not he contused with the torsional ilHormation, 
which is a twisting of a mil about its axis. 
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By using the vector £2 to characterise the deformation and ascertaining 
its properties, we can derive an expression tor the. elastic free energy of a 
bent rod. The elastic energy per unit length of the rod is a quadratic function 
of the deformation, i.e., in this case, a quadratic function of the components 
of the vector £2. It is easy to see that there can be no terms in this quadratic 
form proportional to £2g£2j and Sl rj Sl^. For, since the rod is uniform along 
its length, all quantities, and in particular the energy, must remain constant 
when the direction of the positive £-axis is reversed, i.e. when t is replaced 
by — £, whereas the products mentioned change sign. 

For Q.£ = Sl y = 0 we have a pure torsion, and the expression for the 
energy must be that obtained in §16. Thus the term in Q ? 2 in the free 
energy is ICSIX 

Finally, the terms quadratic in and Ll y can be obtained by starting from 
the expression (17.7) for the energy of a slightly bent short section of the rod. 
Let us suppose that the rod is only slightly bent. We take the ££-plane as 
the plane of bending, so that the component is zero; there is also no torsion 
in a slight bending. The expression for the energy must then be that given 
by (17.7), i.e. IEI V /R 2 . We have seen, however, that l/R 2 is the square of the 
two-dimensional vector (.Q ? , Q v ). Hence the energy must be of the form 
%EI y Sl v 2 . For an arbitrary choice of the f and rj axes this expression becomes, 
as we know from mechanics, 

lE(i,p*+2i 1f nji e +i e pt), 

where I yy , l yi , Ec are the components of the inertia tensor for the cross- 
section of the rod. It is convenient to take the £ and r; axes to coincide with 
the principal axes of inertia. We then have simply \E(hQ.^ + where 

h, h are the principal moments of inertia. Since the coefficients of Sir and 
Sl v 2 are constants, the resulting expression must be valid for large deflections 
also. 

Finally, integrating over the length of the rod, we obtain the following 
expression for the elastic free energy of a bent rod: 

Erod = J tihEil 2 + \loESl 2 + lCSl 2 }dl. (18.5) 

Next, we can express in terms of £2 the moment of the forces acting on 
a cross-section of the rod. This is easily done by again using the results 
previously obtained for pure torsion and pure bending. In pure torsion, the 
moment of the forces about the axis of the rod is CV. Hence we conclude 
that, in the general case, the moment M£ about the £-axis must be CSl,. 
Next, in a slight deflection in the (%-pIane, the moment about the 77 -axis is 
EI 2 /R. In such a bending, however, the vector £2 is along the 77 -axis, so that 
l/R is just the magnitude of £2, and EI 2 /R = ERSl. Hence we conclude 
that, in the general case, we must have = EI\Ll^, M y = EL>SX, (the £ and 
rj axes being along the principal axes of inertia in the cross-section). Thus 
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the components ol the moment vectoi M are 

M i - EI\Llr, /l / 7 ERXl, r M l ( \l ( . 

The elastic energy (18.5), expressed in terms of the. moment of the 


Erod — 
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An important case of the bending of rods is that, of a slight bending, m 
which the deviation from the initial position is everywhere small cnmpaied 
with the length of the rod. In this case torsion can be supposed absent, and 
we can put = 0, so that (18.4) gives simply 

£2 = t Xn/R l xdt/d/. (IS.8) 

We take a co-ordinate system x, y, z fixed in space, with the z axis along tin 
axis of the undeformed rod (instead of the system £, 7 ;, l] for each point m tin- 
rod), and denote by X, Y the co-ordinates x, y for points on the elastic Inn , 
X and Y give the displacement of points on the line- from thm positions 
before the deformation. 

Since the bending is only slight, the tangent, vector t is ahno.i pai.dlcl 
to the 2 -axis, and the difference in direction can be approximately ncglc led. 
The unit tangent vector is the derivative t dr/d/ ol the ladm.s vi rim r 
of a point on the curve with respect to its length. I lence 

dt/d/ = d 2 r/d/ 2 d'T/de 2 ; 

the derivative with respect to the length can be ajiproximately leplaced by 
the derivative with respect to z. In particular, the x and y components ol 
this vector are respectively d 2 X/dz 2 and d 2 Yjdz 2 . The componenls .U. t , ,t 
are, to the same accuracy, equal to il x , SI , and we have from (18.8) 

= -d 2 Y/dz 2 , £2 (/ r.= (l-A'/dv'.'’-. (l.M •>) 

Substituting these expressions in (18.5), we obtain the elastic energy ol .1 
slightly bent rod in the form 

^“* £ l(''O s,4 (^Th """" 


Here ii and I 2 are the moments of inertia about the axes of x ami y respectively, 
which are the principal axes of inertia. 

In particular, for a rod of circular cross-section, /j /;• /, and (hr 

integrand is just the sum of the squared second derivatives, which in the 
approximation considered is the square of the curvature: 
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Hence formula (18.10) can l>e plausibly generalised to the ease of slight 
bending of a circular rod having any shape (not necessarily straight) in its 
undeformed state. To do so, we must write the bending energy as 

Froa = 1£; j-(_l_-l)V (18.1!) 

where Ro is the radius of curvature at any point of the undeformed rod. This 
expression has a minimum, as it should, in the undeformed state (R = R 0 ), 
and for Ro -> oo it becomes formula (18.10). 

§19. The equations of equilibrium of rods 

We can now derive the equations of equilibrium for a bent rod. We again 
consider an infinitesimal element bounded by two adjoining cross-sections 
of the rod, and calculate the total force acting on it. We denote by F the 
resultant internal stress on a cross-section.f The components of this vector 
are the integrals of o-jf over the cross-section: 

F t = ja t( df. (19.1) 

If we regard the two adjoining cross-sections as the ends of the element, a 
force F + dF acts on the upper end, and — F on the lower end; the sum of 
these is the differential dF. Next, let K be the external force on the rod per 
unit length. Then an external force K dl acts on the element of length dl. 
The resultant of the forces on the element is therefore dF + K dl. This must 
be zero in equilibrium. Thus we have 

dF/dZ = - K. (19.2) 

A second equation is obtained from the condition that the total moment of 
the forces on the element is zero. Let M be the moment of the internal 
stresses on the cross-section. This is the moment about a point (the origin) 
which lies in the plane of the cross-section; its components are given by 
formulae (18.6). We shall calculate the total moment, on the element con¬ 
sidered, about a point O lying in the plane of its upper end. Then the 
internal stresses on this end give a moment M + dM. The moment about O 
of the internal stresses on the lower end of the element is composed of the 
moment — M of those forces about the origin O' in the plane of the lower 
end and the moment about O of the total force — F on that end. This latter 
moment is — dl X — F, where dl is the vector of the element of length of the 
rod between O' and O. The moment due to the external forces K is of a 
higher order of smallness. Thus the total moment acting on the element 
considered is dM + dlxF. In equilibrium, this must be zero: 

dM + dlxF = 0. 

| This notation will not lead to any confusion with the free energy, which docs not appear in 
§§19-21. 
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Dividing this equation by dl and using the lact that dl /dl t is the unit 

vector tangential to the rod (regarded as a line), we have 

dM/d/=Fxt. (19.1) 

Equations (19.2) and (19.3) form a complete set of equilibrium equations 
for a rod bent in any manner. 

If the external forces on the rod are concentrated, i.e. applied only at 
isolated points of the rod, the equilibrium equations at all other points ax- 
much simplified. For K = 0 we have from (19.2) 

F = constant, (I'M) 

i.e. the stress resultant is constant along any portion of the rod between 
points where forces are applied. The values of the constant are found Irom 
the fact that the difference F 2 -F] of the forces at two points 1 and 2 is 

F 2 —Fi = — ZK, (19 S) 

where the sum is over all forces applied to the segment of the rod between 
the two points. It should be noticed that, in the difference F ; > f'i, I lie- 
point 2 is further from the point from which l is measured than is the point I , 
this is important in determining the signs in equation (19.5). In particular, il 
only one concentrated force f acts on the rod, and is applied at its lx-<- end, 
then F = constant = f at all points of the rod. 

The second equilibrium equation (19.3) is also simplified. I'ulting 
t = dl/d/ = dr/d/ (where r is the radius vector from any fixed point to tla- 
point considered) and integrating, we obtain 

M = F Xr + constant, (19.6) 

since F is constant. 

If concentrated forces also are absent, and the rod is bent by the application 
of concentrated moments, i.e. of concentrated couples, then F constant 
at all points of the rod, while M is discontinuous at points where couples 
are applied, the discontinuity being equal to the moment of the couple. 

Let us consider also the boundary conditions at the cuds of a bent iod. 
Various cases are possible. 

The end of the rod is said to be clamped (Fig. 4a, §12) il il cannot move 
either longitudinally or transversely, and moreover its direction (i.e. the duet 
tion of the tangent to the rod) cannot change. In this case the boundaiy 
conditions are that the co-ordinates of the end of the rod and the unil langen 
tial vector t there are given. The reaction force and moment exerted on the 
rod by the clamp are determined by solving the equations. 

The opposite case is that of a free end, whose position and direction ax- 
arbitrary. In this case the boundary conditions are that the force F and 
moment M must be zero at the end of the rod.j- 

f If n nmirnlrulnl Ion r I is i,,.|.lir.l to tl.c Ix r .-■>.! of th<- .. tlx- l.oumlmy ...mli.. it 1' I 

not F ■ 0. 
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If the end of the rod is fixed to a lunge, it cannot he displaced, hut its 
direction can vary. In this case tiie moment oi the forces on the freely turning 
end must be zero. 

h inally, if the rod is supported (Fig. 4b), it can slide at the point of support 
but cannot undergo transverse displacements. In this case the direction t of 
the rod at the support and the point on the rod at which it is supported are 
unknown. I he moment of the forces at the point of support must be zero, 
since the rod can turn freely, and the force F at that point must be perpen¬ 
dicular to the rod; a longitudinal force would cause a further sliding of the 
rod at this point. 

The boundary conditions for other modes of fixing the rod can easily be 
established in a similar manner. We shall not pause to add to the typical 
examples already given. 

It was mentioned at the beginning of §18 that a rod of arbitrary cross- 
section undergoing large deflections is in general twisted also, even if no 
external twisting moment is applied to the rod. An exception occurs when a 
rod is bent in one of its principal planes, in which case there is no torsion. 
For a rod of circular cross-section no torsion results for any bending (if there 
is no external twisting moment, of course). This can be seen as follows. The 
twisting is given by the component = £2 • t of the vector £2. Let us 
calculate the derivative of this along the rod. To do so, we use the fact that 
£2 C = MJC: 


d s d£L dM dt 

—(M-t) = C— - t + M—. 

dr d / dl dl 


Substituting (19.3), we see that the first term is zero, so that 


CdClJdl = M-dt/d l. 

For a rod of circular cross-section, h = / 2 s 7; by (18.3) and (18.6), we can 
therefore write M in the form 


M = EItxdt/dl+tCQ ( . (19.7) 

Multiplying by dtjdl, we have zero on the right-hand side, so that 
d£\/d / = 0, 

whence 

= constant, (19.8) 

i.e. the torsion angle is constant along the rod. If no twisting moments are 
applied to the ends of the rod, then is zero at the ends, and there is no 
torsion anywhere in the rod. 

F or a rod of circular cross-section, we can therefore put for pure bending 

dr d 2 r 

M - Elt xdt/d l = El x 

d/ d/ 2 


(19.9) 
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Substituting this in (19.3), we obtain the equation for pure bending of a 
circular rod: 

dr d :, r dr 

TsTs - Fx d/' 


PROBLEMS 

Problem 1. Reduce to quadratures the problem of determining the shape of a i<>.l ..I 
circular cross-section bent in one plane by concentrated forces. 

Solution. Let us consider a portion of the rod lying between points where the tone, 
are applied; on such a portion F is constant. We take the plane of the bent rod as tlx- s v 
plane, with the y-axis parallel to the force F, and introduce the angle 9 between (he (augeni 
to the rod and the y-axis. Then dxjdl = sin 6 , dy/dl — cos 0, where x, y are the co-ordinaies 
of a point on the rod. Expanding the vector products in (19.10), we obtain the following 
equation for 9 as a function of the arc length l: EId 2 9jdl 2 — F sin 9 -- 0. A first integral inn 
gives bEI(d0ldl) 2 d-F cos 9 — c lt and 

1 ~ 1 J ^/( Ci -'Fcos9) + C2 ' ( ' ] 

The function 9(1) can be obtained in terms of elliptic functions. The co-oi duisii-i 


x = (" sin 9 dl, y — J cos 9 dl 

are 

x = ± V \2EI{c\ — F cos 6)/F 2 ] + con sta n t, 

r cos#d 6 (?) 

J = ± VdEI) — -=-— + constant. 

J t/(fi — F cos 9) 

The moment M (19.9) is parallel to the tf-axis, and its magnitude is M EldO/dl. 

Problem 2. Determine the shape of a bent rod with one end clamped and the oilier imdn 
a force f perpendicular to the original direction of the rod (Fig. IS). 



Fig. 15 


SOLUTION. We have F = constant = f everywhere on the rod. At the chiiiipcd cud 
(l = 0), 9 — in, and at the free end (l — L, the length of the rod) M — 0, i.e. O' II. Pulling 
0(L) = 0„, we have in (1), Problem 1 , c t — f cos 9 0 and 


/ vmif) 


do 

\/(cos 9() cos 0) 
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Problem 3. The same as Problem 2, but for a force f parallel to the original direction of 
the rod. 



Fig.16 

Solution. We have F — — f; the co-ordinate axes are taken as shown in Fig. 16. The 
boundary conditions are 8 = 0 for l — 0, 8' = 0 for / = L. Then 

f dd 

i = vmii) — ———, 

J y (cost/ —cos tfo) 

where 

e 0 = o(L) 

is given by 

f 9 dd 

l = vmif) — tt . 

J v (cos 9 — cos On) 

o 

For x and y we obtain 

x = y' (2EI/f)[\/(l — cos 6q) — y /( c ° s 9 — c ° s f?o) ], 
r cos 9 d 9 

y = V(EI/2f) - - 

J W(cos9 — cosUo) 

« 
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For a small deflection, 0 o • 1, and we ran wi in- 

L ™ V(Rllf) (---= hrV(EIIf), 

J vW-0 2 ) 

o 

i.e. 8 0 does not appear. This shows that, in accordance with the result of §21, Problem 3, 
the solution in question exists only for / > 7r 2 i?//4L 11 , i.e. when the rectilinear shape ceases 
to be stable. 



Fig.17 


Problem 4. The same as Problem 2, but for the case where both ends of the rod ate sup¬ 
ported and a force f is applied at its centre. The distance between the supports is 

Solution. We take the co-ordinate axes as shown in Fig. 17. The force F is constant on 
each of the segments AB and BC, and on each is perpendicular to the direction of the rod at 
the point of support A or C. The difference between the values of F on All and IIC is f, 
and so we conclude that, on AB, F sin 8 0 — ~if, where 0 a is the angle between the y-axix 
and the line AC. At the point A (l = 0) we have the conditions 8 — iir and M 0, i.e. 
6' = 0, so that on AB 

I El sin do j* d9 ^ i El sin 9o cos 0 

J f j -\/cos 9’ J f * 



The angle 0 O is determined from the condition that the projection of AB on the straight line 
AC must be IL„, whence 

/ El sin 9 () fcos(0 —0 O ) 

"° V 7 J Vsinfl 

For some value 9 0 lying between 0 and \tt the derivative d//d0 o (/being regarded as a function 
of 0 O ) passes through zero to positive values. A further decrease in 9 0t i.e. increase in the 
deflection, would mean a decrease in /. This means that the solution found here becomes 
unstable, the rod collapsing between the supports. 

Proiu.km 5. Reduce to quadratures the problem of three-dimensional bending of a rod 
under the action <»( concent rated forces. 
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Solution. Let us consider a segment of the rod between points where forces are applied, 
on which F = constant. Integrating (19.10), we obtain 


dr d 2 r 

El x- 

dl dh 


Fxr + trF; 


the constant of integration has been written as a vector cF parallel to F, since, by appro¬ 
priately choosing the origin, i.e. by adding a constant vector to r, we can eliminate any vector 
perpendicular to F. Multiplying (1) scalarly and vectorially by r' (the prime denoting 
differentiation with respect to /), and using the fact that r'-r" = 0 (since r' 2 = 1), we obtain 
F-rxr'+cF-r' = 0, Elr" = (FxtdXr'+cFxr'. I* 1 components (with the z-axis parallel 
to F) we obtain (x.v' — yx') + css' = 0, F.lz" = — F(xx' +yy'). Using cylindrical polar co¬ 
ordinates r, <f>, z, we have 

r 2 <f>' + cz’ = 0, EIz" — —Frr'. (2) 

The second of these gives 

= F(A - r 2 )j2El\ (3) 

where A is a constant. Combining (2) and (3) with the identity r' 2 + r 1 <j>' , +z' 2 = 1, we find 

d /._Z±._ 

V[r 2 ~ ( r 2 + c 2 )(A - r^F 2 j4E z I z ] 

and then (2) and (3) give 

F r (A — r 2 )r dr 

2EIJ r/[r2 _ Z?2( r 2 + c 2)( 4 _ ^.2)2/47-/272]’ 

x _ cF f {A-r*)dr 

2El) r^\f - F 2 (r 2 + c*)(A - r*)*/4£*/*] 

which gives the shape of the bent rod. 

Problem 6. A rod of circular cross-section is subjected to torsion (with torsion angle r) 
and twisted into a spiral. Determine the force and moment which must be applied to the 
ends of the rod to keep it in this state. 

Solution. Let R be the radius of the cylinder on whose surface the spiral lies (and along 
whose axis we take the z-direction) and a the angle between the tangent to the spiral and a 
plane perpendicular to the z-axis; the pitch h of the spiral is related to a and Rbyh = 2 ttR tan a. 
The equation of the spiral is x = R cos <f>, y — R sin <j>, z — </>R tan a, where <f> is the angle 
of rotation about the z-axis. The element of length is df = (JR/cos a)d4. Substituting these 
expressions in (19.7), we calculate the components of the vector M, and then the force F 
from formula (19.3); F is constant everywhere on the rod. The result is that the force F is 
parallel to the z-axis and its magnitude is J 7 = F’z = (Cr/J?) sin ct—(A’Z/J? 2 ) cos 2 oc sin ot. 
The moment M has a z-component M z — CV sin a.+(EI/R ) cos 3 a and a ^-component, along 
the tangent to the cross-section of the cylinder, M$ = FR. 

Problem 7. Determine the form of a flexible wire (whose resistance to bending can be 
neglected in comparison with its resistance to stretching) suspended at two points and in a 
gravitational field. 

Solution. We take the plane of the wire as the jry-plane, with the y-axis vertically down¬ 
wards. In equation (19.3) we can neglect the term dM/d/, since M is proportional to lit. 
Then Fxt = 0, i.e. F is parallel to t at every point, and we can put F — l-’t. liquation (19.2) 
then gives 


d / 

d.v\ 


d / dv\ 


F 

0, 

A - 

d/\ 

dl! 

.1/1 dl/ 
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where g rsUre wdght of the wire per unit length; hence F dx/dl = c, F dyfdl = gl and so 
F - V(c +q l ), so that dx/dl = A/V(A* +P), dy/dl = Z/VM 2 + Z 2 ), 'where A - r!„ 
Integration gives * = A s.nh r'{UA). y = Vi^+F), whence y = A cosh (x/A) i e r 

rthelactthatT “ Cat6nary ' ° f ° rigin 3nd the COnStant A « determined 

7 h fact that the curve must P ass through the two given points and have a given length. 

§20. Small deflections of rods 

The equations of equilibrium are considerably simplified in the important 
case of small deflections of rods. This case holds if the direction of the 
vector t tangential to the rod varies only slowly along its length, i.e. the deriva¬ 
tive dt/d/ is small. In other words, the radius of curvature of the bent rod is 
everywhere large compared with the length of the rod. In practice, tins 
condition amounts to requiring that the transverse deflection of the rod is 
small compared with its length. It should be emphasised that the deflection 
need not be small compared with the thickness of the rod, as it had to be in 
the approximate theory of small deflections of plates given in §511-12.+ 
Differentiating (19.3) with respect to the length, we have 

d 2 M dF dt 

~ ~df xt+ F x d i ( 2() - 1 ) 

I he second term contains the small quantity dt/d/, and so can usually be 
neglected (some exceptional cases are discussed below). Substituting in the 
rst term dF/d/ = -K, we obtain the equation of equilibrium in the form 

d 2 M/d / 2 = txK. ( 20 . 2 ) 

(d 8 o') ” 16 thlS equatl0n m co -Po n ents, substituting in it from (18.6) and 

M x = -EhY", M y = EI 2 X", M z = 0, (20.3) 

where the prime denotes differentiation with respect to z. The unit vector t 
may be supposed to be parallel to the r?-axis. Then (20.2) gives 

EhX^)-K x = 0, Eli T«v) - K y = 0. (20.4) 

These equations give the deflections X and Y as functions of z, i.e. the shape 
of a slightly bent rod. 1 

The stress resultant F on a cross-section of the rod can also be expressed in 
terms of the derivatives of X and Y. Substituting (20.3) in (19.3), we obtain 

F x = - FhXF y = -EhY’". (20.5) 

We see that the second derivatives give the moment of the internal stresses 
while the third derivatives give the stress resultant. The force ( 20 . 5 ) is 
called the shearing jorce. If the bending is due to concentrated forces, the 
s earing force is constant along each segment of the rod between points 


t Wc sluill not y{ 
deformed, hut only < 


nn!‘» wliith 
h iiikI •/), 


not Ntnii^ht win 


A 
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where forces are applied, and has a discontinuity at each of these points 
equal to the force applied there. 

The quantities EI 2 and Eli are called the flexural rigidities of the rod in 
the xz and yz planes respectively.f 

If the external forces applied to the rod act in one plane, the bending takes 
place in one plane, though not in general the same plane. The angle between 
the two planes is easily found. If a is the angle between the plane of action of 
the forces and the first principal plane of bending (the xs-plane), the equa¬ 
tions of equilibrium become W (lv) = (K/hE) cos a, Y (lv) = (K/IiE) sin a. 
The two equations differ only in the coefficient of K. Hence X and Y are 
proportional, and Y — (XE/Iy) tan a. The angle d between the plane of 
bending and the xa-plane is given by 

tan# = (/ 2 // 1 ) tan a. (20.6) 

For a rod of circular cross-section Ii — / 2 and a = 6, i.e. the bending occurs 
in the plane of action of the forces. The same is true for a rod of any cross- 
section when oc = 0, i.e. when the forces act in a principal plane. The magni¬ 
tude of the deflection f = \/(X 2 + Y 2 ) satisfies the equation 

EIf lv > = K, I = hh/Vih 2 cos2 a +J 2 2 sin 2 a). (20.7) 
The shearing force F is in the same plane as K, and its magnitude is 

F = -Elf". (20.8) 

Here I is the ' effective” moment of inertia of the cross-section of the rod. 

We can writi down explicitly the boundary conditions on the equations of 
equilibrium for a slightly bent rod. If the end of the rod is clamped, we must 
have X — Y = 0 there, and also X' = Y' = 0, since its direction cannot 
change. Thus the conditions at a clamped end are 

X = Y = 0, X’ = Y' = 0. (20.9) 

The reaction force and moment at the point of support are determined from 
the known solution by formulae (20.3) and (20.5). 

When the bending is sufficiently slight, the hinging and supporting of a 
point on the rod are equivalent as regards the boundary conditions. The 

reason is that, in the latter case, the longitudinal displacement of the rod at 

its point of support is of the second order of smallness compared with the 

| An equation of the form 

DX<*>-K x =0 (20.4a) 

also describes the bending of a thin plate in certain limiting cases. Let a rectangular plate (with 
sides a y b and thickness h ) be fixed along its sides a (parallel to the jy-axis) and bent along its sides b 
(parallel to the sr-axis) by a load uniform in the ^-direction. In the general case of arbitrary a and b, 
the two-dimensional equation (12.5), with the appropriate boundary conditions at the fixed and free 
edges, must be used to determine the bending. In the limiting case a %> b, however, the deformation 
may be regarded as uniform in the ^-direction, and then the two-dimensional equilibrium equation 
becomes of the form (20.4a), with the flexural rigidity replaced by J) - ElPtij 12(1 <r 5 ). Kq nation 

(20.4a) is also applicable to the opposite limiting case a «>j b, when the plate run be regarded as a 
rod of length b with a narrow rectangular cross-section (« rectangle of aides n and /i); in this case, 
however, the flexural rigidity is I) /''!•> -- ElPaj 12. 
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transverse deflection, and can therefore be neglected. The boundary con¬ 
ditions of zero transverse displacement and moment give 

X = Y = 0, X" = Y" = 0. (20.10) 

The direction of the end of the rod and the reaction force at the point nl 
support are obtained by solving the equations. 

Finally, at a free end, the force F and moment M must be zero. According 
to (20.3) and (20.5), this gives the conditions 

X" = Y" = 0, X"’ = Y"’ = 0. (20.11) 

If a concentrated force is applied at the free end, then F must be equal to this 
force, and not to zero. 

It is not difficult to generalise equations (20.4) to the case of a rod of 
variable cross-section. For such a rod the moments of inertia l\ and l>. ax- 
functions of z. Formulae (20.3), which determine the moment at any cross 
section, are still valid. Substitution in (20.2) now gives 


/ d 2 y\ 

ib?) 


d 2 / <YX \ 

d^' 2 \ 2 drr 2 ) 


in which h and 7 2 must be differentiated. The shearing force is 


d I 

= -E — I 
dz \ 


F V = —E- 


l d 2 Y \ 

M- 


Let us return to equations (20.1). Our neglect of the second term on the 
right-hand side may in some cases be illegitimate, even if the bending is 
slight. The cases involved are those in which a large internal stress resultant 
acts along the rod, i.e. F z is very large. Such a force is usually caused by a 
strong tension of the rod by external stretching forces applied to its ends. 
We denote by T the constant lengthwise stress F z . If the rod is strongly 
compressed instead of being extended, T will be negative. In expanding tin- 
vector product Fxdt/d/ we must now retain the terms in T, but those in F r 
and Fy can again be neglected. Substituting X", Y", 1 for the components 
of the vector dt/d/, we obtain the equations of equilibrium in the form 

hEX^-TX"-K x = 0, 
hEY (u) -TY"-K y = 0. 

The expressions (20.5) for the shearing force will now contain additional 
terms giving the projections of the force 7 (along the vector t) on the .v and 
y axes : 

F x = -El,X'" + TX\ F,, —Ely Y"' + TV. (20.15) 

These formulae can also, of course, be obtained directly from (19.3). 

In some cases a large force T can result from the bending itself, even il 
no stretching forces are applied. I a t us consider a rod with both ends 
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clamped or hinged to fixed supports, so that no longitudinal displacement is 
possible. Then the bending of the rod must result in an extension of it, 
which leads to a force T in the rod. It is easy to estimate the magnitude of the 
deflection for which this force becomes important. The length L + A L of the 
bent rod is given by 

L 

L + \L = jV(l+^' 2 + Y' 2 ) d*, 

o 

taken along the straight line joining the points of support. For slight bending 
the square root can be expanded in series, and we find 

L 

A L = |J(X'2+ Y' 2) dir. 
o 

The stress force in simple stretching is equal to the relative extension multi¬ 
plied by Young’s modulus and by the area S of the cross-section of the rod. 
Thus the force T is 

ES ^ 

T = — f(X’*+ Y' 2 ) d*. (20.16) 

2Ajj 

If 8 is the order of magnitude of the transverse bending, the derivatives 
X' and Y' are of the order of 8(L, so that the integral in (20.16) is of the 
order of S 2 /L, and T ~ ES(8jL ) 2 . The orders of magnitude of the first and 
second terms in (20.14) are respectively EI8/L 4 and T8/L 2 ~ ES8 3 IL A . The 
moment of inertia / is of the order of /r 4 , and S ~ A 2 , where h is the thickness 
of the rod. Substituting, we easily find that the first and second terms in 
(20.14) are comparable in magnitude if 8 ~ h. Thus, when a rod with fixed 
ends is bent, the equations of equilibrium can be used in the form (20.4) only 
if the deflection is small in comparison with the thickness of the rod. If § 
is not small compared with h (but still, of course, small compared with L), 
equations (20.14) must be used. The force T in these equations is not known 
a priori. It must first be regarded as a parameter in the solution, and then 
determined by formula (20.16) from the solution obtained; this gives the 
relation between T and the bending forces applied to the rod. 

The opposite limiting case is that where the resistance of the rod to bending 
is small compared with its resistance to stretching, so that the first terms in 
equations (20.14) can be neglected in comparison with the second terms. 
Physically this case can be realized either by a very strong tension force T or 
by a small value of El, which can result from a small thickness h. Rods under 
strong tension are called strings. In such cases the equations of equilibrium 
are 

( 20 . 17 ) 
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The ends of the string are fixed, in the souse that their co-orilinal.es are given, 

i.e. 

X=Y = 0. (20.18) 

The direction of the ends cannot be decided arbitrarily, but is given by tin- 
solution of the equations. 

In conclusion, we may show how the equations of equilibrium of a slightly 
bent rod may be obtained from the variational principle, using the expression 
(18.10) for the elastic energy: 

Trod = IE J {/i Y" 2 + / 2 Y" 2 } d*. 

In equilibrium the sum of this energy and the potential energy due to t In- 
external forces K acting on the rod must be a minimum, i.e. we must have 
SProa — $(K x 8X+K y 8 Y) ds = 0, where the second term is the work done 
by the external forces in an infinitesimal displacement of the roil. In varying 
•F ro a, we effect a repeated integration by parts: 

£SjY"2 dz = jx"8X" dz 

= [X''8X']- jx"'8X'dz 

= [X"8X'] - [X"’8X] + J Y«v>SY dir, 
and similarly for the integral of Y" 2 . Collecting terms, we obtain 
J [(Eh Y (lv) - K y )8 Y + (EIoX (iv) - K x )8X] dz + 

+ Eh[( Y"8 Y' - Y"'S Y)] + Eh[(X"8X' - X’"8X)] = 0. 

The integral gives the equilibrium equations (20.4), since the variations <S,Y 
and 8Y are arbitrary. The integrated terms give the boundary conditions on 
these equations; for example, at a free end the variations 8X, 8 Y, <S.\", 8 ) 
are arbitrary, and the corresponding conditions (20.11) arc obtained. Also, 
the coefficients of 8X and 8Y in these terms give the expressions (20.5) loi 
the components of the shearing force, and those of 8X' and 81" give the 
expressions (20.3) for the components of the bending moment. 

Finally, the equations of equilibrium (20.14) in the presence of a tension 
force T can be obtained by the same method if we include in the energy a 
term TAL = \T J (Y' 2 + Y' 2 ) dir, which is the work done by the force T ovet a 
distance A L equal to the extension of the rod. 

VK< lltUCMS 

PltoltLKM 1. 1 Vlnmine llic .shape of a rod (of letitflli /) brill by its own weight, for vmioim 
modes of support at the ends. 


TX" i K.j 0, 


TY"\K V (). 
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Solution. The required shape is given by a solution of the equation £< lv > q!El, where 
q is the weight per unit length, with the appropriate boundary conditions at its ends, as shown 
in the text. The following shapes and maximum displacements are obtained for various 
modes of support at the ends of the rod. The origin is at one end of the rod in each case. 

(a) Both ends clamped: 

l = qz\z-lf\2\EI, £(J2) = #/384£7. 

(b) Both ends supported: 

£ = qz(z 3 — 2lz 2 + Z 3 )/24£7, £(£/) = 5^/384£/. 

(c) One end (z — l) clamped, the other supported: 

'( = qz(2z 3 - 3fe 2 + / 3 )/48£7, £(0*42/) = 0-0054#/£7. 

(d) One end (z = 0) clamped, the other free: 

c = qz 2 (z 2 -4lz+6l 2 )/24EI, t,{l) = ql^/SEI. 

Problem 2. Determine the shape of a rod bent by a force / applied to its mid-point. 

Solution. We have £ (lv) = 0 everywhere except at z — U. The boundary conditions 
at the ends of the rod (z = 0 and z — l) are determined by the mode of support; at z — il, 
£, £' and £" must be continuous, and the discontinuity in the shearing force F — —Eli"' 
must be equal to /. 

The shape of the rod (for 0 ^ z < J/) and the maximum displacement are given by the 
following formulae: 

(a) Both ends clamped: 

£ = fz 2 (31 — \z) /48£7, £ftZ) = fl 3 /192EI. 

(b) Both ends supported: 

£ = fz(3l 2 -Az 2 )liSEI, £(P) = //3/48 El. 

The rod is symmetrical about its mid-point, so that the functions i(z) in JZ < z < l are 
obtained simply by replacing z by l—z. 

Problem 3. The same as Problem 2, but for a rod clamped at one end (z — 0) and free 
at the other end (z = /), to which a force/is applied. 

Solution. At all points of the rod F = constant = /, so that £'" = —f/EI. Using the 
conditions £ = 0, £' = 0 for z — 0, £" = 0 for z = l, we obtain 

l = fz 2 (3l— z)j(>EI, £(/) = fPjZEL 

Problem 4. Determine the shape of a rod with fixed ends, bent by a couple at its 
mid-point. 

Solution. At all points of the rod £ <,v) = 0, and at z = \l the moment M — Eli” has 
a discontinuity equal to the moment m of the applied couple. The results are: 

(a) Both ends clamped: 

£ = mz 2 (l —2z)j8EIl for 0 ^ * < \l, 
l = - m(l-zf[l-2(l-z)]l8EIl for 1,1 ^ z ^ l. 

(b) Both ends hinged: 

l = mz(l 2 — Az 2 )l2AEIl for 0 < z < \l, 

£ = -mil-z)[E-4(l-zf]l24EIl for \l < z < /. 
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The rod is bent in opposite directions on the two sides ol z ^ \l. 

Problem 5. The same as Problem 4, but for the case where one end is clumped and tin- 
other end free, the couple being applied at the latter end. 

Solution. At all points of the rod M = Eli" — >«, and at z = 0 we have £---(>,£' - 0. 
The shape is given by £ = mz 2 l2EI. 

Problem 6. Determine the shape of a circular rod with hinged ends stretched by a lou r 
T and bent by a force / applied at its mid-point. 

Solution. On the segment 0 < z ^ J/ the shearing force is if, so that (20.13) given (In¬ 
equation 

r-Ti'IEI= -flZEI. 

The boundary conditions are £ = £" = 0 for z = 0 and l; £' = 0 for z =■ J/ (since. £' in 
continuous). The shape of the rod (in the segment 0 < z ^ £/) is given by 


/ / sinh kz \ 

2 T\ ~ A cosh \kl)' 


k = V(TIEI). 


For small k this gives the result obtained in Problem 2 (b). For large k it becomes £ - /»/ I, 
i.e., in accordance with equations (20.17), a flexible wire under a force / takes the bum ol 
two straight pieces intersecting at z = J l. 

If the force T is due to the stretching of the rod by the transverse force, it must In- deln 
mined by formula (20.16). Substituting the above result, we obtain the equation 


1 

k « 


r3 1 1 3 In 

- + - tanh 2 -W-tanh -kl 

12 2 2 kl 2 \ 


8 £ 2 / 3 
f 2 S ’ 


which determines J 1 as an implicit function of/. 

Problem 7. A circular rod of infinite length lies in an elastic substance, i.e. when it in 
bent a force K — — a£ proportional to the deflection acts on it. Determine the shape ol the 
rod when a concentrated force / acts on it. 

Solution. We take the origin at the point where the force / is applied. The equation 
£/£(■») = — a £ holds everywhere except at z = 0. The solution must satisfy the condition 
£ = 0 at z = ± 00 , and at z = 0 £' and £" must be continuous; the difference between the 
shearing forces F = —Eli'" for z -*■ 0+ and z -> 0— must be/. The required solution i» 

/ . / <x \1 /4 

£ = -e-4izi[cos/3|,s| +sinj3ar], |8 = I——I 

8/S 3 E7 111 1 1 \4ElJ 

Problem 8. Derive the equation of equilibrium for a slightly bent thin circular tod which, 
in its undeformed state, is an arc of a circle and is bent in its plane by radial forcfai. 

Solution. Taking the origin of polar co-ordinates r, <f> at the centre of the circle, we wi it r 
the equation of the deformed rod asr = a + £(<£), where a is the radius of the arc and C a "mull 
radial displacement. Using the expression for the radius of curvature in polar co-oidiunteii, 
we find as far as the first order in £ 


1 r 2 — rr '' + 2r' 2 1 £ + £" 

~ ( r 2 + r '2)3/2 ~ a ~<P~' 

where the prime denotes differentiation with respect to <£. According to (18.11), the elimtic 
bending energy is 

< t>o <f> o 

r / 1 1\ 2 El r 

0 o 
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<f>o being the angle subtended by the arc at its centre. The cquation of equilibrium is obtained 
from the variational principle 

4><s 

SF rod - J KK r a d<f> = 0, 

0 

where K r is the external radial force per unit length, with the auxiliary condition 

<t> o 

J £ d<£ = 0 , 

0 

which is, in this approximation, the statement of the fact that the total length of the rod is 
unchanged, i.e. it undergoes no general extension. Using Lagrange’s method, we put 

d> o d> o 

SFrod - J aKrht d</> + ax j' d<j& = 0, 

o o 

where a is a constant. Varying the integrand in F ro d and integrating the term twice by 
parts, we obtain 

J{—-(£ + 2£" + £ <lv) ) - <*K r + a* js£ dcf, + 

+^[(£+m']-^[(r+r')S£] = o. 

a A a9 

Hence we find the equation of equilibrium t 

EItt^+2C + t)!a*-Kr+oL = 0 , ( 1 ) 

the shearing force F— —.E7(£'+£'")/a 3 » and the bending moment M = EI(£ -f t")la 2 ; 
cf. the end of §20. The constant a is determined from the condition that the rod as a whole 
is not stretched. 

Problem 9. Determine the deformation of a circular ring bent by two forces / applied 
along a diameter (Fig. 18). 


.1 


4 ^ 

iff 

~t 1 



i j t 


f In the absence of external forces, A’ r • 0 and a 0; the non-zero .solutions of the resulting 

homogeneous equation correspond to a simple rotation or translation of the whole rod. 
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SOLUTION. Integrating equation (I), Problem H, along the circumference of the ling, we 
have 2rraa = j K r a i.\(f> -- 2f. We have equation (1) with /v r 0 everywhere except ut 
4> — 0 and <f) — tt: 

£<iv)+2£" + £ + fifij-nEl = 0. 

The required deformation of the ring is symmetrical about the diameters AH and ( 7>, mid 
so we must have £' = 0 at A , B , C and D . The difference in the shearing forces for •/» ► 0 I 
must be/. The solution of the equation of equilibrium which satisfies these conditions ir» 


i = 


fa* (1 1 1 1 

-1 — + ~4 cos d>—v cosd >— sin 

El V V Y 8 F 4 


4 


0 ^ <f> ^ TT. 


In particular, the points A and B approach through a distance 


l£(0)+£(-)! 



§21. The stability of elastic systems 

The behaviour of a rod subject to longitudinal compressing forces is I lie 
simplest example of the important phenomenon of elastic instability, lust 
discovered by L. Euler. 

In the absence of transverse bending forces K x , K y , the equations <>l 
equilibrium (20.14) for a compressed rod have the evident solution 
X — Y = 0, which corresponds to the rod’s remaining straight under a 
longitudinal force |7j. This solution, however, gives a stable equilibrium 
of the rod only if the compressing force |7j is less than a certain critical value 
T cr . For | T\ < T CI , the straight rod is stable with respect to any small pertur¬ 
bation. In other words, if the rod is slightly bent by some small force, it will 
tend to return to its original position when that force ceases to act. 

If, on the other hand, | T\ > T CI , the straight rod is in unstable equilihi ium. 
An infinitesimal bending suffices to destroy the equilibrium, and a latgr 
bending of the rod results. It is clear that, if this is so, the compressed mil 
cannot actually remain straight. 

The behaviour of the rod after it ceases to be stable must satisfy the equa 
tions for bending with large deflections. The value T cr of the critical load, 
however, can be obtained from the equations for small deflections. I'm 
|Xj = Tcr, the straight rod is in neutral equilibrium. This means that, besides 
the solution X = Y = 0, there must also be states where the rod is slightly 
bent but still in equilibrium. Hence the critical value of T vr is the value of 
|7j for which the equations 

£7 2 V« v >+|7jX" = 0, EhY<M+\T\Y" = 0 (21.1) 

have a non-zero solution. This solution gives also the nature of the deforma¬ 
tion of the rod immediately alter it ceases to be stable. 
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The following Problems give some typical cases of the loss of stability in 
various elastic systems. 

PROBLEMS 

Problem 1. Determine the critical compression force for a rod with hinged ends. 

Solution. Since we are seeking the smallest value of | T\ for which equations (21.1) have 
a non-zero solution, it is sufficient to consider only the equation which contains the smaller 
of 7j and / 2 . Let / 2 < I x . Then we seek a solution of the equation 77/ 2 X (lv) + \T\X" = 0 
in the form X — A+Bz+C sin kz+D cos kz, where k = s/(\T\jEI 2 ). The non-zero 
solution which satisfies the conditions X = X" = 0 for z = 0 and z — I is X = C sin kz, 
with sin kl = 0. Hence we find the required critical force to be T ct = n*EJ.Jl 2 . On ceasing 
to be stable, the rod takes the form shown in Fig. 19a. 



Fig. 19 


Problem 2. The same as Problem 1, but for a rod with clamped ends (Fig. 19b). 
Solution. T cr = 4 iPEIJP. 

Problem 3. The same as Problem 1, but for a rod with one end clamped and the other 
free (Fig. 19c). 

Solution. T cr = ir 2 EIJ 4Z J . 

Problem 4. Determine the critical compression force for a circular rod with hinged ends 
in an elastic medium (see §20, Problem 7). 

Solution. The equations (21.1) must now be replaced by £ , /X <lv) + |T|2f"-)-a^r = 0. 
A similar treatment gives the solution X = A sin nnzjl, 


tPEI / aZ 4 \ 

-- « 2 +- , 

P \ tPtAEI/ 


where n is the integer for which T cr is least. When a is large, n > 1, i.e. the rod exhibits 
several undulations as soon as it ceases to be stable. 


Problem 5. A circular rod is subjected to torsion, its ends being clamped. Determine 
the critical torsion beyond which the straight rod becomes unstable. 

Solution. The critical value of the torsion angle is determined by the appearance of 
non-zero solutions of the equations for slight bending of a twisted rod. To derive these 
equations, we substitute the expression (19.7) M = El tx dt/dZ-f Crt, where t is the constant 
torsion angle, in equation (19.3). This gives 



Fxt = 0. 
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We differentiate; since the bending is not huge, t may be regarded as a constant vector t 0 
along the axis of the rod (the 2 -axis) in differentiating the first and third terms. Since also 
dF/dZ = 0 (there being no external forces except at the ends of the roil), we obtain 


(i 3 t (J 2 t 

£,, » X dP + C 'Tk-°' 


or, in components, 

Y'M-kX"' = 0, 

XW+kY"' = 0, 

where k = Ct/EI. Taking as the unknown function £ = X+iY, we obtain fl'd ixf "' II. 
We seek a solution which satisfies the conditions £ — 0, £' — 0 for 2 — 0 and z l, in the 
form £ = a(\-yi >( Z — e iKt ) • bz‘~, and obtain as the compatibility condition of the equations 
for a and b the relation e iKl = (2+ZW)/(2— M), whence i«Z = tan J«Z. The ainalleat mot 
of this equation is ^kI — 4-49, so that T cr = 8-98EI/CI. 


Problem 6. The same as Problem 5, but for a rod with hinged ends. 

Solution. In this case we have £ = a(l — e iKZ — \K 2 z 2 )-\-hz, where k is given by 


e M = j e> K l — 2 tt. 


Hence the required critical torsion angle is T cr = 2-nEIjCl. 


Problem 7. Determine the limit of stability of a vertical rod under its own weight, the 
ower end being clamped. 

SOLUTION. If the longitudinal stress F z = T varies along the rod, d/'V/dZ / 0 in I lie 
first term of (20.1), and equations (20.14) are replaced by 


I<iEX (i T - ( TX')' — K x = 0 , 

IiE Y (lv) -{TY')'-K y = 0 . 

In the case considered, there are no transverse bending forces anywhere in the rod, and 
T = — q{l — z), where q is the weight of the rod per unit length and z is measured lioni the 
lower end. Assuming that I 2 < I lt we consider the equation 

hEX'" = TX' = - q (l- z )X'-, 

for z — l, X'" = 0 automatically. The general integral of this equation for the him turn 
u — 2 l' is 

u = ^[aJ^^ + bJ^rj)], 

where 

v = ww-*mh\. 

The boundary conditions X f = 0 for z = 0 and X" " 0 for z ~ l give for the function 
u(rj) the conditions u = 0 for rj = tj 0 ~ ^\Z(ql s /Ef z ), u'rf 1 * = 0 for i? — 0. In oidei to nut inly 
these conditions we must put 6 = 0 and J 0 ) = 0. The smallest root of tins rquitiion 
is 7] 0 = 1-87, and so the critical length is Z cr = 1 -98(/i , / 2 /f/) ,/3 . 

Problem 8. A rod has an elongated cross-section, so that / a '-‘ I t . One end is dumped 
and a force/is applied to the other end, which is free, so as to bend it in the principal xz plimo 
(in which the flexural rigidity is /s/ 2 ). Determine the critical force/,, at which the rod bent 
in a plane becomes unstable ami the rod is bent, sideways (in the plane), at the same time 
undergoing torsion. 



100 


The lu/uilihi'inin aj Hods and Tlales 


§21 


Solution. Since the rigidity Kl t is large compared with (and with the torsional 
rigidity C),f the instability as regards sideways bending occurs while the deflection in the 
xs-plane is still small. To determine the point where instability sets in, we must form the 
equations for slight sideways bending of the rod, retaining the terms proportional to the 
products of the force / in the xz-plane and the small displacements. Since there is a concen¬ 
trated force only at the free end of the rod, we have F = f at all points, and at the free end 
(z — l ) the moment M = 0; from formula (19.6) we find the components of the moment 
relative to a fixed system of co-ordinates x, y, z : M x = 0, My — ( l—z)f , M z = ( Y—Y 0 )f , 
where Y 0 — Y(l). Taking the components along co-ordinate axes £, t), £ fixed at each point 
to the rod, we obtain as far as the first-order terms in the displacements Mi = 

My = (/-*)/, M £ = (l-z)fdY/dz+f(Y- y„), where <f> is the total angle of rotation of a 
cross-section of the rod under torsion; the torsion angle t = d</>/dz is not constant along 
the rod. According to (18.6) and (18.9), however, we have for a small deflection 

M g = -EhY", M v = EhX", Mg = Cf; 

comparing, we obtain the equations of equilibrium 

EhX" = (ll-z)f ; EhY" = 

C<!>' = (l—z)fY' + (Y— Y 0 )f. 

The first of these equations gives the main bending of the rod, in the xz- plane; we require 
the value of/for which non-zero solutions of the second and third equations appear. Eliminat¬ 
ing Y, we find 

<f>" + k\l-zf <f> = 0, IT = j 2 lEI l C\ 

The general integral of this equation is 

</> = avv-*)jmi-*w+tyv-*)j^wi-*n 

At the clamped end (z — 0) we must have / = 0, and at the free end the twisting moment 
C<j>’ — 0. From the second condition we have a — 0, and then the first gives /-j()/;/ a ) = 0. 
The smallest root of this equation is ikl 2 — 2-006, whence/ cr = 4-01 \/{EI l C)jl'‘. 


f For example, for a narrow rectangular cross-section of sides b and A (6 S> A), we have 

£7, =* bh 3 EI 12, fir s = PhEj 12, C = iftV/3. 


CHAPTER III 

ELASTIC WAVES 


§22. Elastic waves in an isotropic medium 

If motion occurs in a deformed body, its temperature is not. in general 
constant, but varies in both time and space. This considerably complicities 
the exact equations of motion in the general case of arbitrary motions. 

Usually, however, matters are simplified in that the transfer of heat bom 
one part of the body to another (by simple thermal conduction) occurs very 
slowly. If the heat exchange during times of the order of the period ol 
oscillatory motions in the body is negligible, we can regard any part ol (lie 
body as thermally insulated, i.e. the motion is adiabatic. In adiabatic deloi 
mations, however, era- is given in terms of ua by the usual formulae, the 
only difference being that the ordinary (isothermal) values of E and » must be 
replaced by their adiabatic values (see §6). We shall assume in what follows 
that this condition is fulfilled, and accordingly E and a in this chapter will be 
understood to have their adiabatic values. 

In order to obtain the equations of motion for an elastic medium, we must 
equate the internal stress force daacjdxjc to the product of the acceleration 
ill and the mass per unit volume of the body, i.e. its density p: 

pUi = dui^dxk. (22.1) 


This is the general equation of motion. 

In particular, the equations of motion for an isotropic clastic medium can 
be written down at once by analogy with the equation of equilibr ium (7.2). 
We have 


E 


pu = 


-Au + 


E 


2(1 + *) 2(1 + *)(! — 2a) 


grad div u. 


(2.2.7) 


Since all deformations are supposed small, the motions considered in tIn- 
theory of elasticity are small elastic oscillations or elastic wares. We shall 
begin by discussing a plane elastic wave in an infinite isotropic medium, i.e 
a wave in which the deformation u is a function only of one co-ordinate 
(x, say) and of the time. All derivatives with respect to y and z in equations 
(22.2) are then zero, and we obtain for the components of the vccto' u (In¬ 
equations 

d 2 n x 1 d‘ 2 u x d'hiy 1 <Eu y 

rtx'' ti' 1 r )/'■’ fix-’ r<IT 

lot 


(22J) 
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(the equation for u z is the same as that for u y ); hercf 


i E{l-o) 

p(l + a)(l — 2cr)’ 


2/3(1 +a) 


Equations (22.3) are ordinary wave equations in one dimension, and the 
quantities ci and c t which appear in them are the velocities of propagation of 
the wave. We see that the velocity of propagation for the component u x is 
different from that for u y and u z . 

Thus an elastic wave is essentially two waves propagated independently. 
In one (u x ) the displacement is in the direction of propagation; this is called 
the longitudinal wave , and is propagated with velocity ci. In the other wave 
(%, u z ) the displacement is in a plane perpendicular to the direction of propa¬ 
gation ; this is called the transverse wave, and is propagated with velocity ct. 
It is seen from (22.4) that the velocity of longitudinal waves is always greater 
than that of transverse waves: we always havej 


Cl > V(4/3 )c t . (22.5) 

The velocities ci and ct are often called the longitudinal and transverse veloci¬ 
ties of sound. 

We know that the volume change in a deformation is given by the sum of 
the diagonal terms in the strain tensor, i.e. by uu = div u. In the transverse 
wave there is no component u x , and, since the other components do not 
depend on y or z, div u = 0 for such a wave. Thus transverse waves do not 
involve any change in volume of the parts of the body. For longitudinal 
waves, however, div u # 0, and these waves involve compressions and 
expansions in the body. 

The separation of the wave into two parts propagated independently with 
different velocities can also be effected in the general case of an arbitrary 
(not plane) elastic wave in an infinite medium. We rewrite equation (22.2) in 
terms of the velocities ci and ct : 


ii = f ( 2 Au+(f; 2 - c t 2 ) grad div u. (22.6) 

We then represent the vector u as the sum of two parts: 


u=ui+u t , (22.7) 

of which one satisfies 

div u t = 0 (22.8) 

and the other satisfies 


curl u* = 0. (22.9) 

We know from vector analysis that this representation (i.e. the expression of 


f We may give also expressions for c t ami q in terms of the moduli of compression and rigidity 
and the Lam6 coefficients: c t --- } 4/t)/-ty) - \/{M I 2/t)//>}, eg \/(f l !l>)- 

t Since a actually varies only between 0 and 4 (see the setond footnote to §5), we always have 
> \/2ct- 
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a vector as the sum of the curl of a vector and the gradient ol a scalar) is 
always possible. 

Substituting u = uz + u t in (22.6), we obtain 

iii+ut = C{ 2 A(u;+ u t ) + (ci 2 -c t 2 ) grad div u ; . (22.10) 

We take the divergence of both sides. Since div u 4 = 0, the result is 
divtij = c t 2 A div uj + (q 2 — c t 2 ) A divuj, 

or div(iit —c; 2 Au;) = 0. The curl of the expression in parentheses is also 
zero, by (22.9). If the curl and divergence of a vector both vanish in all 
space, that vector must be zero identically. Thus 

S 2 U; 

—i-cMu, = 0. (22.11) 

ot 2 

Similarly, taking the curl of equation (22.10) we have, since the cm Is ol u ; 
and of any gradient are zero, curl (ii$ — cj 2 Aw) 0. Since the divngcncr 
of the expression in parentheses is also zero, we obtain an equation ol the 
same form as (22.11): 

3 2 ut 

—T-q 2 Au t =0. (2.2.12) 

at 2 

Equations (22.11) and (22.12) are ordinary wave equations in three dimen 
sions. Each of them represents the propagation of an elastic wave, with 
velocity c; and ct respectively. One wave (u«) docs not involve a change in 
volume (since div ut — 0), while the other (u/) is accompanied by volume 
compressions and expansions. 

In a monochromatic elastic wave, the displacement vector is 

u = re{uo(r)e~ iwt }, (2.2,1 I) 

where uo is a function of the co-ordinates which satisfies the equation 

q 2 Auo + (cj 2 -c ( 2 ) grad div u 0 +w 2 u 0 0, (22.11) 

obtained by substituting (22.13) in (22.6). The longitudinal and li.msvca im¬ 
parts of a monochromatic wave satisfy the equations 

Auj + Vu; = 0, Aw-f^ur 0, (22.1 1 )) 

where hi = ai/c;, kt = a>/cj are the wave numbers of the longitudinal and 
transverse waves. 

Finally, let us consider the reflection and refraction of a plane mono 
chromatic elastic wave at the boundary between two diflerent elastic media. 
It must be borne in mind that the nature ol the wave is in general changed 
when it is reflected or refracted. If a purely transverse or purely longitudinal 
wave is incident on a surface of separation, the result is a mixed wave con¬ 
taining both transverse and longitudinal parts. The nature ol the wave 



104 


§22 


remains unchanged (as we sec from symmetry) only when it is incident 
normally on the surface of separation, or when a transverse wave whose 
oscillations are parallel to the plane of separation is incident (at any angle). 

I he relations giving the directions of the reflected and refracted waves can 
be obtained immediately from the constancy of the frequency and of the 
tangential components of the wave vector.f Let 0 and O' be the angles of 
incidence and reflection (or refraction) and c, c the velocities of the two waves. 
Then 


For example, let the incident wave be transverse. Then c = c t \ is the 
velocity of transverse waves in medium 1. For the transverse reflected wave 
we have c’ = cti also, so that (22.16) gives 0 = 6’, i.e. the angle of incidence 
is equal to the angle of reflection. For the longitudinal reflected wave, 
however, c' = cn, and so 

sin 6 ca 

sin 9' cn 

For the transverse part of the refracted wave c' = c l2 , and for a transverse 
incident wave 

sin 9 c t i 

sin 6' cei 

Similarly, lor the longitudinal refracted wave 

sin# c a 
sin 8' C 12 

PROBLEMS 

Problem 1. Determine the reflection coefficient for a longitudinal monochromatic wave 
incident at any angle on the surface of a body (with a vacuum outside).{ 



Fig. 20 

Solution. When the wave is reflected, there are in general both longitudinal and trans¬ 
verse reflected waves. It is clear from symmetry that the displacement vector in the trans¬ 
verse reflected wave lies in the plane of incidence (Fig. 20, where n 0) n ; and n, are uni( 


f See Fluid Mechanics , §65. The arguments giver 
+ The more general case of the reflection of sm 
similar problem of the reflection of a wave inridrnl f 
Brekhovskikij, Waves in Layered Media, §1, Annie 


i* are applicable in their entirety. 

'aves I nun a solid ~li<|ui<| interlace, and the 
i liquid on (<» a solid, ate discussed by L. M. 
•less. New Vink 1‘X.IJ. 
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vectors in the direction of piopagaOon oi ,he incident, longitud.nal reflected and transverse 
reflected waves, and u„, u„ u, the corresponding displacement vectors) The total displace¬ 
ment in the body is given by the sum (omitting the common factor e for bre y) 

u = A 0 n 0 e^- r + Ainie^i- r + Atay.nte tk ‘- r , 

where a is a unit vector perpendicular to the plane of incidence. The magnitudes of the wave 
vectors are ft„ = k, = e>/d, = «»/«, and the angles of incidence 9„and of reflection j, 

9 t are related by 9, = 9„, sin 9, = (ct/d) sin 0«. For the components of the strain tensor at 
the boundary we obtain 

Uxx = ik 0 {A 0 + A{) cos 2 #,, + iA t k t cos 9 t sin 0 b u u = ik 0 (A 0 + Ai), 
u xy = iko(Ao — Ai) sin # 0 cos 9 0 + \iA t k t (cos 2 # t -sin 2 #z), 

again omitting the common exponential factor. The components of the stress tensor can be 
calculated from the general formula (5.11), which can here be conveniently written 

crjj; = 2.pCpUilc + p(fV ‘ — 2C( 2 )UjzSjj;. 

The boundary conditions at the free surface of the medium are = 0, whence 

(j xx = Oy x — 0, 

giving two equations which express A, and At in terms of A„. The result is 

c< 2 sin 29 1 sin 2#o — <4 2 cos 2 20 1 
Al = sin 29 1 sin2 9 0 + cT™* 2 2 k ’ 

2 cict sin 2#o cos 26 t 

At A °c t 2 sin 2 9 t sin 2#o + O 2 cos 2 20 1 

For , t = 0 „e have A, = -A*. At = 0, i.e. the wave is reflected as a purely longitudinal 
wave The ratio of the energy flux density components normal to the surface in the n flt cU d 
2d incident longitudinal waves is R, = \AJA 0 \\ The corresponding ratio for the reflected 
transverse wave is 


ct cos 9 t | 

A t 2 

Cl cos Oo 

Aq 


The sum of R, and Rt is, of course, 1. 

Problem 2. The same as Problem 1, but for a transverse incident wave (with the ill a 
tions in the plane of incidence), t 

Solution. The wave is reflected as a transverse and a longitudinal wave, with i 
Ct sin 9, = d sin 9„. The total displacement vector is 

u = aXno^o^ k »- r +nz^e ik i- r +aXn(Ae lu, ' r . 

The expressions for the amplitudes of the reflected waves are 

A t C( 2 sin 2 9i sin 28o — Q 2 cos 2 2#„ 

Aq £f 2 sin 20i sin 2 On 4- fr cos 2 2 

Ai 2 C/fi sin 2cos 2 

Ao cl 1 sin 2 (>i sin 2#n4- <T cos 2 2#o 

t II the ns, ilia. a are ,ala ulr.. plane nl in- al.aa e, 11.« wave e, rnli.ely .HI,a Ini « • 

wave ol lire Maine kind. a.al .... If, I 
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Problem 3. Determine the characteristic frequencies of radial vibrations of an elastic 
phere of radius R. 

^ Solution. We take spherical polar co-ordinates, with the origin at the centre of the sphere. 
For radial vibrations, u is along the radius, and is a function of r and t only. Hence curl u = 0. 
We define the displacement “potential” <f> by u r = u = dj,\dr. The equation of motion, 
expressed in terms of <j>, is just the wave equation a 2 A $ = 4>, or, for oscillations periodic in 
time (~e <tot ), 

. 1 8/ H\ 

s ^8ir¥)'- 42# '*-“ /c ‘' o) 

The solution which is finite at the origin is <6 = (Air) sin kr (the time factor is omitted). The 
radial stress is 


°rr = pl(ci 2 -2ct 2 )uu + 2c t 2 Urr 

= p|(^ 2 - 2c« 2 ) A<f> + 2c t 2 (j>"} 

or, using (1), 

°rrlp = - u^-Acpfijr. (2) 

The boundary condition*^,!.R) = 0 leads to the equation 
tan kR 1 

~kR~ = \-ikRcil2ctY' (3) 

whose roots determine the characteristic frequencies to — kci of the vibrations. 

Problem 4. Determine the frequency of radial vibrations of a spherical cavity in an infinite 
elastic medium for which ci jg> c t (M. A. Isakovich 1949). 

Solution. In an infinite medium, radial oscillations of the cavity are accompanied by the 
emission of longitudinal sound waves, leading to loss of energy and hence to damping of the 
oscillations. When c; c t (i.e. K fi), this emission is weak, and we can speak of the charac¬ 
teristic frequencies of oscillations with a small coefficient of damping. 

We seek a solution of equation (1), Problem 3, in the form of an outgoing spherical wave 
<l> = Ae ikr lr, k = to/ci and, using (2), obtain from the boundary condition a rr (R) = 0 the 
result ( kRcilct ) 2 = 4(1 —ikR). Hence, when ci )Z> ct, 



The real part of to gives the characteristic frequency of oscillation; the imaginary part gives 
the damping coefficient. In an incompressible medium (ci~>co) there would of course be no 
damping. These vibrations are specifically due to the shear resistance of the medium (ji 0). 
It should be noticed that they have kR = 2c t jci <1, i.e. the corresponding wavelength is 
large compared with R ; it is interesting to compare this with the result for vibrations of an 
elastic sphere, where with Ci c t the first characteristic frequency is given by (3): kR = it. 

§23. Elastic waves in crystals 

The propagation of elastic waves in anisotropic media, i.e. in crystals, is 
more complicated than for the case of isotropic media. To investigate such 
waves, we must return to the general equations of motion pii t = dt Hk jdx k 
and use for a ifc the general expression (10.3) „ Uc - According to 
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what was said at the beginning oi §22, A ua m always denotes the adiabatic 
moduli of elasticity. 

Substituting for ai k in the equations of motion, we obtain 

duim d / dm du m \ 

pill = Aiklm— ■ = \A-iklm~Z I ~Z f TT I 

OXjc OX]q \ CXjn / 

d 2 u t d 2 u m 

= \Mklm~z r l - 2 A-iJclm~z r • 

uXfcUXffi vXjcvXi 

Since the tensor Xm m is symmetrical with respect to the suflixes / and in 
we can interchange these in the first term, which then becomes identical 
with the second term. Thus the equations of motion are 

d 2 u m 

pu\ = A mm— —r—• (23.1) 

OXlcOXl 

Let us consider a monochromatic elastic wave in a crystal. WV can seek 
a solution of the equations of motion in the form ui uui* ,ltk '‘ " l \ when- the 
wot are constants, the relation between the wave vector k and the licqurncv <•> 
being such that this function actually satisfies equation (23.1). I >ill«-i«-nltatnm 
of Ui with respect to time results in multiplication by i<», and ihllcicnlia 
tion with respect to x k leads to multiplication by ih k . 11 cnee the above latle.li 
tution converts equation (23.1) into pafiui — Xi k i m h k hiu m . rutting wj 
we can write this as 

( p(o 2 8im — Xtici m kicki)Um = 0. (3-3.2) 

This is a set of three homogeneous equations of the first degree for tin- 
unknowns u x , u y , u z ■ Such equations have non-zero solutions only il tin- 
determinant of the coefficients is zero. Thus we must have 

\Xucimkh-ki— pco 2 8i m \ — 0 . ( 23 . 3 ) 

This is a cubic equation in to 2 . It has three roots, which an- in gcncial 
different. Each root gives the frequency as a function of the wave vrcloi k | 

Substituting each in turn in equation (23.2), we obtain equations giving 
the components of the corresponding displacement Mj (since the equations 
are homogeneous, of course, only the ratios of the three components i/ ( air 
obtained, and not their absolute values, so that all the wj can be multiplied 
by an arbitrary constant). 

The velocity of propagation of the wave (the group velocity) is given by tin- 
derivative of the frequency with respect to the wave vector. In an isol topic 
body, the frequency is proportional to the magnitude of k, and so the direr 
tion of the velocity U = dwfdk is the same as that of k. In crystals thin 
relation docs not hold, and the direction of propagation of the wave is then- 
fore not the same as that of its wave vector. 


| In nn isotropic hotly, ctpi 
and two coincident tools to* 
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It is seen from equation (21..!) that <» is a homogeneous function, of degree 
one, of the components ft$; if the unknown quantity is taken as the ratio < ( >//q 
the coefficients in the equation do not depend on ft. Hence the velocity of 
propagation dcojdk is a homogeneous function, of degree zero, of ftj. Thus 
the velocity of a wave is a function of its direction, but not of its frequency. 

Since there are three possible relations between w and k for any direction 
in the crystal, there are in general three different velocities of propagation 
of elastic waves. These velocities are the same only in a few exceptional 
directions. 

In an isotropic medium, purely longitudinal and purely transverse waves 
correspond to two different velocities of propagation. In a crystal, on the 
other hand, to each velocity of propagation there corresponds a wave in which 
the displacement vector has components both parallel and perpendicular 
to the direction of propagation. 

Finally, we may notice the following. For any given wave vector k in a 
crystal there can be three waves, with different frequencies and velocities of 
propagation. It is easy to see that the displacement vectors u in these three 
waves are mutually perpendicular. For, when k is given, equation (23.3) may 
be regarded as determining the principal values pofi of a tensor of rank two, 
hkimkkh, which is symmetrical with respect to the suffixes i, m.f Equations 
(23.2) then give the principal axes of this tensor, which we know are mutually 
perpendicular. 


PROBLEM 

Determine the frequency as a function of the wave vector for elastic waves propagated in a 
crystal of the hexagonal system. 

Solution. The non-zero components of the tensor X mm in the co-ordinates x, y z arc 
related to those in the co-ordinates f, 17 , z (see § 10 ) by 

Kxxx = A yyyy = d + b, ^XXM = 0.~b, X xyx y = b, 

^xxzz = \yzz — c, X xexz = \zyz — d, X zzzz = f t 
where we have put 

'Wd = ^ a i = 8ft, ^-(yzz = 2c> A g ZVZ = 2 d. 

The a-axis is along the sixth-order axis of symmetry; the directions of the * and y axes arc 
arbitrary. We take the X 2 -plane such that it contains the wave vector k. Then k x = k sin 0, 
k = k C ° S 9 ’ where 6 is the an § Ie between k and the 2 -axis. Forming the equation 
(zJ-J) and solving it, we obtain three different dependences of co on k : 


coi 2 = k 2 (b sin 2 9 + d cos 2 8)jp, 
k 2 

"2,3 2 = —{{a + b) sin 2 0 +/cos 2 6» + d± -y/([(a + b - d) sin 2 9 + ( d-f) cos 2 0] 2 + 
+ 4 (c + d) 2 sin 2 # cos 2 #)}. 


t By . the symmetry of the tensor \ a . lm , we lmvc \ m „,k k k, The latte, 

expression differs from Amkliftkh only by the naming of thr sullixrj A- nn«l l, ho that the tni'tm 
Aikimkkkl has the symmetry slated. 
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§24. Surface waves 

A particular kind of elastic waves are those propagated near tin- surface 
of a body without penetrating into it (Rayleigh waves). We write (lie equation 
of motion in the form (22.11) and (22.12): 

d 2 u 

■—- — c 2 /\.u = 0, (21.1) 

dt 2 

where u is any component of the vectors uj, u;, and c is the corresponding 
velocity Ci or Ct, and seek solutions corresponding to these surface waves. 
The surface of the elastic medium is supposed plane and of infinite cxteni. 
We take this plane as the xy-plane; let the medium be in z < 0. 

Let us consider a plane monochromatic surface wave propagated along (lie 
ai-axis. Accordingly u = e i{ - kx ~ at) f(z). Substituting this expression in (21.1), we 
obtain for the function /( z) the equation 



If ft 2 —to 2 /c 2 < 0, this equation gives a periodic function /, i.c. we ohiaiu 
an ordinary plane wave which is not damped inside the body. We must 
therefore suppose that ft 2 —cu 2 /c 2 > 0. Then the solutions for / are 

f{z ) = constant x exp ^ + J J^ft 2 - — jj2 

The solution with the minus sign would correspond to an unlimited incicast- 
in the deformation for z — 00 . This solution is clearly impossible, and 
so the plus sign must be taken. 

Thus we have the following solution of the equations of motion: 

u = constant x e ito_ ( .'4 •’) 

where 

k — "\/(ft 2 —oj 2 /c 2 ). (34!) 

It corresponds to a wave which is exponentially damped towards tlie inlet mi 
of the medium, i.e. is propagated only near the surface. The quantity /. 
determines the rapidity of the damping. 

The true displacement vector u in the wave is the sum of the vectors u; and 
u(, the components of each of which satisfy the equation (24.1) witli e </ 
for u; and Ct for u«. For volume waves in an infinite medium, the two pails 
are independently propagated waves. For surface waves, however, llns 
division into two independent parts is not possible, on account o( the hoimtl.it y 
conditions. The displacement vector u must he a definite linear combination 
of the vectors u/ and u*. Tt should also he mentioned that these latter veclois 
have no longer the simple significance of the displacement components 
parallel and perpendieular to the direction of propagation. 
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tt, 1 , 0 det ?. rm i lnc the llncar combination of the vectors u, and u, which gives 
the true dtsfdacement u, we must use the conditions at the boundary of the 
body I hese give a relation between the wave vector k and the frequency ^ 
and therefore the velocity of propagation of the wave. At the free surface 
we must have a ik n k = 0. Since the normal vector n is parallel to the *-axis 
it follows that a xz ~ o yz = a zz = 0, whence 

Uxz = 0, Uyz = 0, <y{u xx +u yy ) + (\-o)u Z2 = 0. (24.4) 

Since all quantities are independent of the co-ordinate y, the second of 
these conditions gives 

1 /auy du z \ 

UyZ = 2 \dz + ~dy) = $ u vfi z ~ °- 

Using (24.2), we therefore have 

% = °- (24.5) 

Thus the displacement vector u in a surface wave is in a plane through the 
direction of propagation perpendicular to the surface. 

Ihe transverse part u t of the wave must satisfy the condition (22 S') 
div = 0, or \ ■ J 

du tx + du tz 

9x dz 

1 Ik- dependence of u tx and u tz on * and z is determined by the factor 
where l<t is given by the expression (24.3) with c = c t , i.e. 

k — y 7 (/«j 2 — co 2 /q 2 ). 

Hence the above condition leads to the equation 

ikutx+KtUtz = 0, or u ix lut z = — K t jik. 

Thus we can write 

utx = K t ae tkx + K u tz = -ikae ikx +V~ iat , (24.6) 

where a is some constant. 

The longitudinal part u* satisfies the condition (22.9) curl u z = 0, or 
dui x duj z 

whence 

ikuiz—Kiuix = 0 (ki — \/\k 2 — oy^jc^Y)- 
Thus we must have 

uix = kbe ikx+K i z ui z — — i Kl i)fdk xj t Kjz—tutt^ (24 7) 


where b is a constant. 
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We now use the first and third conditions (24.4). Expressing uac in terms 
of the derivatives of and using the velocities ci, ct, we can write these 
conditions as 

du x du z 

-+-= 0 , 

dz ox 

(24.K) 

dit z dn x 

c l 2 ~^~ + ( c i 2 — 2t't 2 ) _ r~ = 0. 
oz ox 

Here we must substitute u x = ui x + utx, u z = ui z + u tz ■ The result is that 
the first condition (24.8) gives 

a(k*+K t *) + 2bkKi = 0. (24.9) 

The second condition leads to the equation 

2acH t k + % 2 ( kj 2 - k 2 ) + 2c t 2 k 2 } = (). 

Dividing this equation by Ct 2 and substituting 

Ki 2 — k 2 — —co 2 1 ci 2 — —(k 2 —Kt 2 )c t 2 jci 2 , 

we can write it as 

2ai:tk + b(k 2 +K t 2 ) = 0. (24.10) 

The condition for the two homogeneous equations (24.9) and (24.10) 
to be compatible is (k 2 + K t 2 ) 2 = 4k 2 /q/<7 or, squaring and substituting 
the values of K t 2 and ki 2 , 

/ co 2 \ 4 / co 2 \ / ft> 2 \ 

("-■?) - 16 T a -^)r-;> (?u ' 1 

From this equation we obtain the relation between oand/i. It is i onvniirni 
to put 

co = c t k£; (7*1,1/) 

k s then cancels from both sides of the equation, and, expanding, wc obtain 
for i the equation 


/ c t 2 \ / 

. c t 2 \ 

3-2— -16 1 

L- 

\ c?) \ 

Ct 2 ) 


Hence we see that £ depends only on the ratio ctfci, which is a constant 
characteristic of any given substance and in turn depends only on Poisson's 
ratio: 


nln = V((l- 2*0/2(l -«)). 
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The quantity must, of course, he real and positive, and £ < 1 (so that 
K t and ki are real). Equation (24.13) has only one root satisfying these con¬ 
ditions, and so a single value of £ is obtained for any given value of ctjci. 

Thus, for both surface waves and volume waves, the frequency is pro¬ 
portional to the wave number. The proportionality coefficient is the velocity 
of propagation of the wave, 

U = c,£. (24.14) 

4 his gives the velocity of propagation of surface waves in terms of the 
velocities c t and ci of the transverse and longitudinal volume waves. The 
ratio of the amplitudes of the transverse and longitudinal parts of the wave 
is given in terms of £ by the formula 


a 2 -£* 
b ~ 2V(W 2 )‘ 


(24.15) 


The ratio c t [ci actually varies from 1 j\/2 to 0 for various substances, 
corresponding to the variation of <r from 0 to \\ £ then varies from 0-874 to 
0-955. Fig. 21 shows a graph of f as a function of a. 
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Fig. 21 


PROBLEM 

A plane-parallel slab of thickness h (medium 1) lies on an elastic half-space (medium 2). 
Determine the frequency as a function of the wave number for transverse waves in the slab 
whose direction of oscillation is parallel to its boundaries. 

Solution. We take the plane separating the slab from the half-space as the ary-plane, 
the half-space being in z < 0 and the slab in 0 sS ar < h. In the slab we have 

“art = U z i = 0, Uyi = f[z r)e«**-"fl, 

and in medium 2 a damped wave: 

u x z = u z 2 = 0, u y 2 - Ae K * z e i< - kx ~ at \ K 2 = \/{JP — oPjc^ 2 ). 

For the function /(ar) we have the equation 


/'+*!*/= 0, 


K 1 = V(" >2 l r tl 2 ~k Z ) 
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(we shall see below that k x 2 > 0), whence /(ar) B sin k x z \ C cos k { z, At the free surfac e 
of the slab ( z = h ) we must have o ty =- 0 , i.e. du v Jdz — 0. At the boundary between tlm 
two media (z — 0 ) the conditions are u yx — % 2 , fJ x du y Jdz -■= fadiiy.Jdz, and ih brintf the 
moduli of rigidity for the two media. From these conditions we find three equations fm 
A, B, C, and the compatibility condition is tan K x h ~ fx 1 K l . This equation r.ivra <•> 
as an implicit function of ^; it has solutions only for real k x and k 2 , and so ■ <*»//; • oi 
Hence we see that such waves can be propagated only if ct 2 > cn. 

§25. Vibration of rods and plates 

Waves propagated in thin rods and plates are fundamentally different 
from those propagated in a medium infinite in all directions. J lere we are 
speaking of waves of length large compared with the thickness of the rod or 
plate. If the wavelength is small compared with this thickness, the rod or 
plate is effectively infinite in all directions as regards the propagation of (he 
wave, and we return to the results obtained for infinite media. 

Waves in which the oscillations are parallel to the axis of the roil or I bi¬ 
plane of the plate must be distinguished from those in which they arc pci 
pendicular to it. We shall begin by studying longitudinal waves in rods. 

A longitudinal deformation of the rod (uniform over any cross-sect ion), with 
no external force on the sides of the rod, is a simple extension or compression. 
Thus longitudinal waves in a rod are simple extensions or compressions 
propagated along its length. In a simple extension, however, only (lie com 
ponent a zz of the stress tensor (the .s-axis being along the rod) is different 
from zero; it is related to the strain tensor by u zz — Eti zz Edu^d-x 
(see §5). Substituting this in the general equation of motion pii z , 

we find 


This is the equation of longitudinal vibrations in rods. We see that it is an 
ordinary wave equation. The velocity of propagation of longitudinal waves 
in rods is 

vm- 

Comparing this with the expression (22.4) for ci, we see that it is less than 
the velocity of propagation of longitudinal waves in an infinite medium. 

Let us now consider longitudinal waves in thin plates. The equations of 
motion for such vibrations can be written down at once by substituting 
— phd 2 u x ldt 2 and — phd 2 u y jdt 2 for P x and P y in the equilibrium equations 

(13.4): 


p 

d 2 u x 

1 d 2 u x 

1 

J__ 

d 2 u x 

1 

_i_ 

P'lly 

E 

hip ~ 

I 

Q. 

to 

2 (1-1 

a) dy 2 

2 (1- 

■ a) dxdy 

P 

d 2 u y 

1 d 2 Uy 

1 

j_ _ 

d 2 u v 

1 

A. - - - 

d 2 U x 

E 

dp ' 

1 — if- dy 2 

2(1 i 

u) dx 2 

2(1 - 

<r) dxdy 
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We take the case of a plane wave propagated along the A’-axis, i.e. a wave in 
which the deformation depends only on the co-ordinate x, and not on y. 
1 hen equations (25.3) are much simplified, becoming 


dfi p( 1 — 0 - 2 ) d X 2 ’ 3*2 2p(l + a) dx 2 ' ( ) 

We thus again obtain wave equations. The coefficients are different for u x 
and u y . The velocity of propagation of a wave with oscillations parallel to the 
direction of propagation ( u x ) is 

V[E/p( l-o 2 )]. (25.5) 

The velocity for a wave ( u y ) with oscillations perpendicular to the direction 
of propagation (but still in the plane of the plate) is equal to the velocity c t of 
transverse waves in an infinite medium. 

Thus we see that longitudinal waves in rods and plates are of the same 
nature as in an infinite medium, only the velocity being different; as before, 
it is independent of the frequency. Entirely different results are obtained for 
bending waves in rods and plates, for which the oscillations are in a direction 
perpendicular to the axis of the rod or the plane of the plate, i.e. involve 
bending. 

1 he equations for free oscillations of a plate can be written down at once 
from the equilibrium equation (12.5). To do so, we must replace — P by the 
acceleration £ multiplied by the mass ph per unit area of the plate. This 
gives 

dK Eh 2 

P ~dfi + \2{\ -a2) A ^ = °’ ( 25 ’ 6) 

where A is the two-dimensional Laplacian. 

Let us consider a monochromatic elastic wave, and accordingly seek a 
solution of equation (25.6) in the form 

£ = constant x Ak-r-o, (25.7) 

where the wave vector k has, of course, only two components, k x and k y . 
Substituting in (25.6), we obtain the equation 

— pn) 2 \- Eh 2 k A j] 2( 1 — a 2 ) = 0. 

Hence we have the following relation between the frequency and the wave 
number: 

E-‘ I ?p( I „-)}. (25.8) 

Tims the frequency is proportional to the square or the wave number, whereas 
m waves m an infinite medium it is proportional to the wave number itself. 
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Knowing the relation between the frequency and the wave number, we can 
determine the velocity of propagation of the wave from the formula 

U = dcojd k. 

The derivatives of k 2 with respect to the components k x , h v are respectively 
2k x , 2k y . The velocity of propagation of the wave is therefore 

V = W{Eh 2 l3p(l-a 2 )}. (25.6) 

It is proportional to the wave vector, and not a constant as it is for waves in 
a medium infinite in three dimensions.f 

Similar results are obtained for bending waves in thin rods. The bending 
deflections of the rod are supposed small. The equations of motion are 

obtained by replacing —K x and — K y in the equations ol equilihri. hu a 

slightly bent rod (20.4) by the product of the acceleration A m V and the 
mass pS per unit length of the rod ( S being its cross-sectional an a). Thus 

pSX = Elyd^XIdz*, P SY - El,d' Y/ik-d. (.’5 111) 

We again seek solutions of these equations in the form 

X = constant x e i( * 2 ~ ut \ Y — constant xc M7 Ml) . 

Substituting in (25.10), we obtain the following relations between the lie 
quency and the wave number: 

w = kW{EIyl P S), a) = kW(EI x jpS) y (25.11) 

for vibrations in the x and y directions respectively. The corresponding 
velocities of propagation are 

l/» = 2ks/(EIyl P S), XM = 2 ky/(EI x l P S). (25.12.) 

Finally, there is a particular case of vibration of rods called torsional 
vibration. The corresponding equations of motion are derived by equating 
Cdr/dz (see §18) to the time derivative of the angular momentum ol the mil 
per unit length. This angular momentum is pld^jdt, where 3</>/3/ is the 
angular velocity (</> being the angle of rotation of the cross-section considered) 
and I — J {x 2 +y 2 ) d If is the moment of inertia of the cross-section about its 
centre of mass; for pure torsional vibration each cross-section of the mil 
performs rotary vibrations about its centre of mass, which remains at rest. 
Putting r = d<j>ldz, we obtain the equation of motion in the form 

Cd 2 <f>jdz z = pld 2 <l>idt 2 . (25.13) 


t The wnvii number k where A is Ihr wfivelrn^lh. I lenre (be velocity of pro|tnyitlion 

should inrreasr. without limit ns A tends to zero. This physically impossible result is ohtnined her mine 
formula (25.V) is not valid lor shoit wavr*. 
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Hence we see that the velocity of propagation of torsional oscillations along 
the rod is 


V(cipi). 


PROBLEMS 

Problem 1. Determine the characteristic frequencies of longitudinal vibrations of a rod 
of length /, with one end fixed and the other free. 

Solution. At the fixed end (s = 0) we must have u z = 0, and at the free end ( z = l) 
a " = Eu ** = >- e - Btizldz = 0. We seek a solution of equation (25.1) in the form 

u z = A cos(cof + a) sin kz, 

where k = «)-/( p/E). From the condition at z = Z we have cos kl = 0, whence the charac¬ 
teristic frequencies are 

a) = \/{Ejfs)(2n+ l)rr/2/, 

n being any integer. 

Problem 2. The same as Problem 1, but for a rod with both ends free or both fixed. 
Solution. In either case oj = V(E/p) mill. 

Problem 3. Determine the characteristic frequencies of vibration of a string of length l. 
Solution. The equation of motion of the string is 

d 2 X P S 3 2 X 

Hz '2 YHY = ° : 

cf. the equilibrium equation (20.17). The boundary conditions are that X = 0 for z = 0 
and l. The characteristic frequencies are <u = -\/(pSjT)Tmjl. 

Problem 4. Determine the characteristic transverse vibrations of a rod (of length l) with 
clamped ends. 

Solution. Equation (25.10), on substituting X — X 0 (z) cos(cuf+a), becomes 

d4X 0 /d*4 = K*X Q , 

where k 1 = oi 2 pS/EI v . The general integral of this equation is 

Xo = A cos kz + B sin kz+C cosh kz + D sinh kz. 

The constants A, B, C and D are determined from the boundary conditions that X = dX!dz 
= 0 for z = 0 and /. The result is 


Xo = H{(sin kZ— sinh k/)(cos /cs— cosh kz) — 

— (cos kI— cosh ic/)(sin kz— sinh kz)}, 

and the equation cos kI cosh kI — 1, the roots of which give the characteristic frequencies 
The smallest characteristic frequency is 


&>min 


224 i EI y 

1 


Problem 5. The same as Problem 4, but for a rod with supported ends. 
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Solution. In the same way as in Problem 4, we obtain X 0 = A sin kz r, and tho frerpiem ien 
are given by sin«r/ = 0, i.e. k = nrtjl (n = 1, 2, ...). The smallest frequency is 

9-87 IEI V 


/ 2 V P S 

Problem 6 . The same as Problem 4, but for a rod with one end clamped and the ode 
free. 

Solution. We have for the displacement 

Xo = ^4{(cos kI+ cosh kI)(coskz — cosh kz) 

+ (sin kI— sinh <c/)(sin kz — sinh test)} 

(the clamped end being at z = 0 and the free end at z = /), and for the characteristic: h 
quencies the equation cos kI cosh xl+l = 0. The smallest frequency is 

3-52 [EI y 


Problem 7. Determine the characteristic vibrations of a rectangular plate of sides a and h, 
with its edges supported. 

Solution. Equation (25.6), on substituting £= C 0 (x, y) cos(ail-f a), becomes 

A 2 £ 0 -* 4 £o = 0, 

where k* = 12p(l — a^uAjEh^. We take the co-ordinate axes along the sides of the pi.etc 
The boundary conditions (12.11) become £ = 0 2 £/dx 2 = 0 for x — 0 and a, 

l = d 2 lldy* = 0 

for y = 0 and b. The solution which satisfies these conditions is 
£o = A sin(7W7jw/a) sm{mry[b), 
where m and n are integers. The frequencies are given by 


/ E » 2 1 

= V 12p(l — ct 2 ) 77 ' 2 ^ " 


yi2p(l-o- 2 ) La 2 IP J 

Problem 8. Determine the characteristic frequencies for the vibration of a res iiingulm 
membrane of sides a and b. 

Solution. The equation for the vibration of a membrane is 7’ A ( - pliC; cl. die ccpiih 
brium equation (14.9). The edges of the membrane must be fixed, so that £ 0. Tier 

corresponding solution for a rectangular membrane is 

£ = A sm(nnrxla) sinfynryjb) cos cot, 

where the characteristic frequencies are given by 


Tot" [III 2 ir’\ 

/ill l a 2 IT/ 


m and n boinjjj infr^na. 
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Problem 9. Determine the velocity of propagation of torsional vibrations in a rod whose 
cross-section is a circle, an ellipse, or an equilateral triangle, and in a rod in the form of a 
long thin rectangular plate. 

Solution. For a circular cross-section of radius R, the moment of inertia is I = J nit*; 
C is given in §16, Problem 1, and we find the velocity to be V(/i/p), which is the same as the 
velocity ct- 

Similarly (using the results of §16, Problems 2 to 4), we find for a rod of elliptical cross- 
section the velocity [2 ab/(a 2 +b 2 )\ VCp/p) , for one with an equilateral triangular cross-section 
V(3p/5p), and for one which is a long rectangular plate (2h/d) V(p/p)- All these are less than c t . 

Problem 10. The surface of an incompressible fluid of infinite depth is covered by a thin 
elastic plate. Determine the relation between the wave number and the frequency for waves 
which are simultaneously propagated in the plate and near the surface of the fluid. 

Solution. We take the plane of the plate as z — 0, and the x-axis in the direction of 
propagation of the wave; let the fluid be in z < 0. The equation of motion of the plate alone 
would be 


0 2 £ Effi 04£ 

poh -=-, 

dfi 12(1 —o- 2 ) Sx 4 

where p 0 is the volume density of the plate. When the fluid is present, the right-hand side 
of this equation must also include the force exerted by the fluid on unit area of the plate, 
i.e. the pressure p of the fluid. The pressure in the wave, however, can be expressed in 
terms of the velocity potential by p = —pd<j>ldt (we neglect gravity). Hence we obtain 


Eh 3 04£ r d( f, 


h^-= - 

P ° Bt 2 12(1-a 2 ) 0*4 


- KL- 


(i) 


Next, the normal component of the fluid velocity at the surface must be equal to that of the 
plate, whence 

d^dt = [0#5*] z=o . (2) 

The potential <j> must satisfy everywhere in the fluid the equation 


0 2 <£ 0 2 
0*2 dz 2 


(3) 


We seek £ in the form of a travelling wave £ = l 0 e ikx ~ iM \ accordingly, we take as tin- 
solution of equation (3) the surface wave <f> = which is damped in the interior 

of the fluid. Substituting these expressions in (1) and (2), we obtain two equations for <f< Q 
and £ 0 , and the compatibility condition is 

Eh 3 hP 

co 2 = ---. 

12(1 —ct 2 ) p + hpok 


§26. Anharmonic vibrations 

The whole of the theory of elastic vibrations given above is approximate 
to the extent that any theory of elasticity is so which is based on Hook it’s 
law. It should be recalled that the theory begins from an expansion of the 
elastic energy as a power series with respect to the strain tensor, which 
includes terms up to and including the second order. The components of 


the stress tensor are then linear functions of those of the strain tensor, and 
the equations of motion are linear. 

The most characteristic property of elastic waves in this approximation is 
that any wave can be obtained by simple superposition (i.e. as a linear com 
bination) of separate monochromatic waves. Each of these is propagated 
independently, and could exist by itself without involving any othei motion. 
We may say that the various monochromatic waves which are simultaneously 
propagated in a single medium do not interact with one another. 

These properties, however, no longer hold in subsequent approximations. 
The effects which appear in these approximations, though small, may be ol 
importance as regards certain phenomena. They are usually called anhurnumic 
effects, since the corresponding equations of motion are non-linear and do 
not admit simple periodic (harmonic) solutions. 

We shall consider here anharmonic effects of the third order, arising from 
terms in the elastic energy which are cubic in the strains. It would be loo 
cumbersome to write out the corresponding equations of motion in thru 
general form. However, the nature of the resulting effects can be ascertained 
as follows. The cubic terms in the elastic energy give quadratic terms in Un¬ 
stress tensor, and therefore in the equations of motion. Let us suppose that 
all the linear terms in these equations are on the left-hand side, and all Ilu- 
quadratic terms on the right-hand side. Solving these equations by iIn- 
method of successive approximations, we omit the quadratic terms in tin- 
first approximation. This leaves the ordinary linear equations, whose solution 
uo can be put in the form of a superposition of monochromatic travelling 
waves: constant xe f<k ' r "“ l) , with definite relations between co and k. On 
going to the second approximation, we must put u = uo + ui and retain only 
the terms in uo on the right-hand sides of the equations (the quadratic terms). 
Since Uo, by definition, satisfies the homogeneous linear equations obtained 
by putting the right-hand sides equal to zero, the terms in uo on the Icll band 
sides will cancel. The result is a set of inhomogeneous linear equations lor the 
components of the vector m, where the right-hand sides contain only known 
functions of the co-ordinates and time. These functions, which are obtained 
by substituting uo for u in the right-hand sides of the original equations, air 
sums of terms each of which is proportional to 

k.) - r-( w- w,)tl 

or 

giKk.+k.). r—(o),+ oi.itl 

where wj, a> 2 , kj, ko are the frequencies and wave vectors of any two mono¬ 
chromatic waves in the first approximation. 

A particular integral of linear equations of this type is a sum of terms 
containing similar exponential factors to those in the free terms (the right- 
hand sides) of the equations, with suitably chosen coefficients. Kadi such 
term corresponds to a travelling wave with frequency mj I o>y and wave 
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vector ki + k 2 . Frequencies equal to the sum or difference of the frequencies 
of the original waves are called combination frequencies. 

Thus the anharmonic effects in the third order have the result that the set 
of fundamental monochromatic waves (with frequencies on, tu 2 , ... and wave 
vectors ki, k 2 , ...) has superposed on it other “waves” of small intensity, 
whose frequencies are the combination frequencies such as cui + cu 2 , and 
whose wave vectors are such as ki + k 2 . We call these “waves” in quotation 
marks because they are a correction effect and cannot exist alone except in 
certain special cases (see below). The values coi ± a> 2 and ki + k 2 do not in 
general satisfy the relations which hold between the frequencies and wave 
vectors for ordinary monochromatic waves. 

It is clear, however, that there may happen to be particular values of a>i, ki 
and cu 2 , k 2 such that one of the relations for monochromatic waves in the 
medium considered also holds for coi + cv 2 and ki + k 2 (for definiteness, we 
shall discuss sums and not differences). Putting ai 3 = coi + cv 2 , k 3 = ki + k 2 , 
we can say that, mathematically, 013 and k 3 then correspond to waves which 
satisfy the homogeneous linear equations of motion (with zero on the right- 
hand side) in the first approximation. If the right-hand sides in the second 
approximation contain terms proportional to then a particular 

integral will be a wave with the same frequency and an amplitude which 
increases indefinitely with time. 

1 hus the superposition of two monochromatic waves with values of a>i, ki 
and oj 2 , k 2 whose sum oi 3 , k 3 satisfies the above condition leads, by the 
anharmonic effects, to resonance: a new monochromatic wave (with para¬ 
meters cv 3 , k 3 ) is formed, whose amplitude increases with time and eventually 
is no longer small. It is evident that, if a wave with o, 3 , k 3 is formed on super¬ 
position of those with oji, ki and co 2 , k 2 , then the superposition of waves with 
coi, kj and a> 3 , k 3 will also give a resonance with a> 2 = cu 3 — coi, k 2 = k 3 — ki, 
and similarly cv 2 , k 2 and co 3 , k 3 lead to coi, kj. 

In particular, for an isotropic body co and k are related by co = c t k or 
co = cik, with ci > c t . It is easy to see in which cases either of these relations 
can hold for each of the three combinations 


a>i, ki; co 2 , k 2 ; co 3 = a»i+co 2 , k 3 — ki + k 2 . 

If ki and k 2 are not in the same direction, k 3 < ki-\-k 2 , and so it is clear that 
resonance can then occur only in the following two cases: ( 1 ) the waves with 
coi, ki and co 2 , k 2 are transverse and that with co 3 , k 3 longitudinal; ( 2 ) one of 
the waves with coi, ki and co 2 , k 2 is transverse and the other longitudinal, and 
that with co 3 , k 3 is longitudinal. If the vectors kj and k 2 are in the same 
direction, however, resonance is possible when all three waves are longi¬ 
tudinal or all three are transverse. 

The anharmonic effect involving resonance occurs not only when several 
monochromatic waves are superposed, but also when llieie is only one wave, 
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appearance, besides the monochromaticwa^T"' re “ ta 
tamed, of waves with 2m x 2 k, i e with t c * C] Previously ob- 

W "' a V “ tor - "0 amplitude inireaiing* 7,1) ^ «- 

f “ P *' Cq “ Mhm ‘ " f ... 

by the complete expression ( 1 . 3 ) : ' h tensor m,,st now be g.ven 


u lk = \(^fi + ^! L+ 3u L M\ 
2\dx k dxf dxt dxj’ 


.. 

must be written as a scalar formed from th ^ aVlng 3 glVen s >' mmcll y> 
and some constant tensors characteristic of 27°^ ° f ^ tensor 
scalar will contain terms up to a given D0WPr h f Substance evolved; this 
Pression (26.1) for u ik andLitti^ ternsTn w °^ ft g Substitutin § the ex¬ 
power, we find the energy < as a f g nc ™ “ bl g her orders than that 
required accuracy. ° n ot the derivatives d Ui /dx k to the 

The variation 8 S’ may ^bewrittTn ° f m ° tl0n ’ We notice the following result. 


d(dui/dx k ) dx k 


or, putting 


=- - -- 

9(dui/dx k y (26.2) 

o jp dSiif p 

°^ly"ppt C 17sZ?Z for d per uni * vol “™ 

motion can again be written^ before, and so the equations of 

pm = dcr ik /dx k , ^ 26 ^ 


f We here 
involved. 


' ‘ he intCrna ' enCrgy »" J "«* the free energy F , illr , r , . 
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where po is the density of the undcformcd body, and the components of the 
tensor are now given by (26.2), with S’ correct to the required accuracy. 
The tensor era- is no longer symmetrical.! 


PROBLEM 

Write down the general expression for the elastic energy of an isotropic body in the third 
approximation. 

Solution. From the components of a symmetrical tensor of rank two we can form two 
quadratic scalars (u<jt a and «»*) and three cubic scalars (tin*, tnm* 1 and u tk ui,u kl ). Hence the 
most general scalar containing terms quadratic and cubic in sir, with scalar coefficients 
(since the body is isotropic), is 


<o — ini ilc 2 + {\K— \p)uip+\AuncUnUki + Bui k 2 uu + \Cuu s ; 

the coefficients of «i* s and ti„ a have been expressed in terms of the moduli of compression 
and rigidity, and A, B, C are three new constants. Substituting the expression (26.1) for 
Uiic and retaining terms up to and including the third order, we find the elastic energy to be 

(d m du k \ 2 / dui \ 2 

'-*k + d + «*- w y + 

+ 0. + b4) a - P- P-HIBHK- 

dx/c dxi dxjc dxi \dx]c) 

+ — dUk dUl + Y'{ dUl \‘ 

dx k dxi dxi dxic dxi dxi \ dx t / 


f It should be emphasised that one is no longer the momentum flux density (the stress tensor). 
In the ordinary theory this interpretation was derived by integrating the body force density 
daocldxjc over the volume of the body. This derivation depended on the fact that, in performing the 
integration, we made no distinction between the co-ordinates of points in the body before and after 
the deformation. In subsequent approximations, however, this distinction must be made, and the 
surface bounding the region of integration is not the same as the actual surface of the region considered 
after the deformation. 

It has been shown in §2 that the symmetry of the tensor o^k is due to the conservation of angular 
momentum. This result no longer holds, since the angular momentum density is not xiuk—XkUi 
but (*,-}- Ui)uk ~ (Xk-\-u/c)ui. 


CHAPTER IV 


DISLOCATIONS! 

§27. Elastic deformations in the presence of a dislocation 

Elastic deformations in a crystal may arise not only by the action of external 
forces on it but also because of internal structural defects present in the crystal. 
The principal type of defect that influences the mechanical properties ol cry 
stals is called a dislocation. The study of the properties of dislocations on the 
atomic or microscopic scale is not, of course, within the scope of this book ; we 
shall here consider only purely macroscopic aspects of the phenomenon as it 
affects elasticity theory. For a better understanding of the physical significance 
of the relations obtained, however, we shall first give two simple examples to 
show what is the nature of dislocation defects as regards the structure of tln- 
crystal lattice. 

Let us imagine that an “extra” half-plane is put into a crystal lattice of 
which a cross-section is shown in Fig. 22; in this diagram, the added half plane 

Y 


X 


Fig. 22 

is the upper half of the ys-plane. The edge of this half-plane (the iv-axis, at 
right angles to the plane of the diagram) is then called an edge dislocation. In 
the immediate neighbourhood of the dislocation the crystal lattice is greatly 
distorted, but even at a distance of a few lattice periods the crystal planes lit 
together in an almost regular manner. The deformation nevertheless exists 
even far from the dislocation. It is clearly seen on going round a closed circuit 
of lattice points in the xy-planc, with the origin within the circuit: if the 

r was written jointly witli A. M. Kohkvk u. 
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displacement of each point from its position in the ideal lattice is denoted by the 
vector u, the total increment of this vector around the circuit will not be zero, 
but equals one lattice period in the ^-direction. 

Another type of dislocation may be visualised as the result of “cutting” the 
lattice along a half-plane and then shifting the parts of the lattice on either 
side of the cut in opposite directions to a distance of one lattice period parallel 
to the edge of the cut (then called a screw dislocation). Such a dislocation 
converts the lattice planes into a helicoidal surface, like a spiral staircase 
without the steps. In a complete circuit round the dislocation line (the axis of 
the helicoidal surface) the lattice point displacement vector increment is one 
lattice period along that axis. Figure 23 shows a diagram of such a cut. 



Fig. 23 


Macroscopically, a dislocation deformation of a crystal regarded as a 
continuous medium has the following general property; after a passage round 
any closed contour L which encloses the dislocation line D, the elastic 
displacement vector u receives a certain finite increment b which is equal to 
one of the lattice vectors in magnitude and direction; the constant vector b is 
called the Burgers vector of the dislocation concerned. This property may be 
expressed as 

(pdiq = (D——dxfc = -bu (27.1) 

J J CXjc 

where the direction in which the contour is traversed and the chosen direction 
of the tangent vector t to the dislocation line are assumed to be related by the 
corkscrew rulef (Fig. 24). The dislocation line itself is a line of singularities of 
the deformation field. 

It is evident that the Burgers vector b is necessarily constant along the dis¬ 
location line, and also that this line cannot simply terminate within the crystal: 
it must either reach the surface of the crystal at both ends or (as usually hap¬ 
pens in actual cases) form a closed loop. 

f The simple cases of edge and screw dislocations mentioned above correspond to straight lines D 
with x _L b and x |j b. We may also note that in the representation given by l*’ig. 22 edge dislocations 
with opposite directions of b differ in that the “extra** crystal hall plane lies above or below the xz- 
plane; such dislocations are said to have opposite sit;ns. 
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The condition (27.1) signifies, therefore, that in the presence of a dislocation 
the displacement vector is not a single-valued function of the co-ordinates, 
but receives a certain increment in a passage round the dislocation line. 


n 



L 

Fig. 24 


Physically, of course, there is no ambiguity: the increment b denotes an addi 
tional displacement of the lattice points equal to a lattice vector, and this does 
not affect the lattice itself. 

In the subsequent discussion it is convenient to use the notation 

woe = Suicldxu (27.2) 

so that the condition (27.1) becomes 

d Xi = -bk- (27 3) 

L 

The (unsymmetrical) tensor Wik is called the distortion tensor. Its symmetrical 
part gives the ordinary strain tensor: 

uuc = lipik + Wki). ( 27 - 'I) 


According to the foregoing discussion the tensors m/jt and and therefore 
the stress tensor o,fc, are single-valued functions of the co-ordinates, unlike 
the function u(r). 

The condition (27.3) may also be written in a differential form. I'o do so, 
we transform the integral round the contour L into one over a surface .S'/, 
spanning this contour :-j- 


dx m — f en m d fi. 

J J OXi 


The constant vector bk is written as an integral over the same surface by 


f The transformation is made, according to KtoicI'h' theorem, by replacing «I.Vm by the operator 
(1/iCiim djdxtt where cam is the antisymmetric unit tensor. 


means of the two-dimensional delta function: 

b ' C = I 

Sl 


(27.5) 


where % is the two-dimensional radius vector taken from the axis of the dis¬ 
location in the plane perpendicular to the vector x at the point considered. 
Since the contour L is arbitrary, the integrals can be equal only if the inte¬ 
grands are equal: 

earn dW'tn/cj8xi = — Tib k 8(%). (27.6) 

This is the required differential form.f 
The displacement field u(r) around the dislocation can be expressed in a 
general form if we know the Gkeen’s tensor G ik ( r) of the equations of equilib- 
num of the anisotropic medium considered, i.e. the function which determines 
the displacement component produced in an infinite medium by a unit 
force applied at the origin along the **-axis (see §8). This can easily be done 
by using the following formal device. 

Instead of seeking many-valued solutions of the equations of equilibrium 
we shall regard u(r) as a single-valued function, which undergoes a fixed 
discontinuity b on some arbitrarily chosen surface S D spanning the dislocation 
loop IX Then the strain tensor formally defined by (27.4) will have a delta- 
function singularity on the “surface of discontinuity”: 

uik (S) = U n ibk + nicbi)8(£,), (27.7) 

wherej is a co-ordinate measured from the surface S D along the normal n 
(which is in the direction relative to x shown in Fig. 24). 

Since there is no actual physical singularity in the space around the dis- 
ocation, the stress tensor o ik must, as already mentioned, be a single-valued 
and everywhere continuous function. The strain tensor (27.7), however is 
formally related to a stress tensor ail M = X iklm u lm (S), which also has a 
singularity on the surface S D ■ In order to eliminate this we must define ficti¬ 
tious body forces distributed over the surface^ withacertain density /«>. The 
/ ° f e 1 udlljrium in the presence of body forces are So ik jdx k + MS) = 0 

(ct. (2.7)). Hence it is clear that we must put 


f.(S) _ d<Ji k (S) ^ dui m ( s ) 

J l Q - ~ Mklm — -. 

ox k 8x k 


Thus the problem of finding the many-valued function u(r) is equivalent to 
that of finding a single-valued but discontinuous function in the presence of 


* iL r ° f avoid I misunde [ stan d i[ 'g ^ should be noted that on the dislocation line itself (f . 0 ) which i« 
a line ofsmgulant.es, the representation of the w lk as the derivatives (27.2) ,a no longer meaningful. 
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body forces given by lormulae (27.7) and (27.8). We can now use lltc lonmila 

w t( r ) = J G, «(r-r')// s) (r')dF'. 

We substitute (27.8) and integrate by parts; the integration with (lie della 
function is then trivial, giving 

r d 

M i( r ) = I n i'~ Gij(l — r )d/ . (2/7*) 

J cx k 
Sd 

This solves the problem.-j- 

The deformation (27.9) has its simplest form far from the closed dislot .. 

loop. If we imagine the loop to be situated near the origin, then at distant es i 
large compared with the linear dimensions of the loop we have 

Wi(t") = ^jklrrAm^Gij(r)l8x k , Ill) 

where 


dit; — Sjb k , Si — ntdf— b^ikil 


and eua is the antisymmetric unit tensor. The axial vector S has cninponcnls 
equal to the areas bounded by the projections of the loop J) on planes perpen 
dicular to the corresponding co-ordinate axes; the tensor di k may he < ailed the 
dislocation moment tensor. The components of the tensor (7y are lirsl ordei 
homogeneous functions of the co-ordinates x, y, z (see §8, I’rohlem). We 
therefore see from (27.10) that Mi~l/r 2 , and the corresponding sliess held 
<Hk~ 1/r 3 . 

It is also easy to ascertain the way in which the elastic stresses vary vvilh 
distance near a straight dislocation. In cylindrical polar co-ordinates v, >, ■/• 
(with the sr-axis along the dislocation line) the deformation will depend only 
on r and <f>. The integral (27.3) must, in particular, he unchanged by an 
arbitrary change in the size of any contour in the xy-planc which leaves ihc 
shape of the contour the same. It is clear that this can be true only d all the 
rvnc~ 1/r. The tensor iii k , and therefore the stresses o ik , will be pmpoiimual 
to the same power, 1 jr.\ 


f The tensor Ga for an anisotropic medium has been derived in the paper by !. M 1 .11 mi * 11/ mid 
L. N. RozentsveIg quoted in §8, Problem. This tensor is in general very onnphnunl. I’m a ninuglii 
dislocation, which corresponds to a two-dimensional problem of elasticity theory, it may be tumplri 
solve the equations of equilibrium directly. 

f Attention is drawn to a certain analogy between the elastic deformation field round a dinlo* aiion 
line and the magnetic field of constant line currents. 'The current is replaced by the lliirgrin i'n lot, 
which must be constant along the dislocation line, like the current. Similar analogies will nluo be 1 ruddy 
seen in the relations given below. However, quite apart from th«‘ entirely dillereul tmliiir ol the two 
physical effects, these analogies are not far-reaching, because the tensor character of the cor rcrtpomlmg 
quantities is different. 
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Although we have hitherto spoken only of dislocations, the formulae de¬ 
rived are applicable also to deformations caused by other kinds of defect in 
the crystal structure. Dislocations are linear defects; there exist also defects in 
which the regular structure is interrupted through a region near a given 
surface, -f- Such a defect can be macroscopically described as a surface of dis¬ 
continuity on which the displacement vector u is discontinuous but the stresses 
a ik are continuous, by virtue of the equilibrium conditions. If the discontinuity 
b is the same everywhere on the surface, the resulting strain is just the same as 
that due to a dislocation along the edge of the surface. The only difference is 
that the vector b is not equal to a lattice vector. However, the position of the 
surface So discussed above is no longer arbitrary; it must coincide with the 
actual physical discontinuity. Such a surface of discontinuity involves a certain 
additional energy which may be described by means of an appropriate surface- 
tension coefficient. 


PROBLEMS 

Problem 1. Derive the differential equations of equilibrium for a dislocation deformation 
in an isotropic medium, expressed in terms of the displacement vector.; 

Solution. In terms of the stress tensor or strain tensor the equations of equilibrium have the 
usual form = 0 or, substituting oa from (5.11), 

dune a 8u u 

dxic 1—2cr dxi ^ 

To convert to the vector u we must use the differential condition (27.6). Multiplying (27.6) 
by eikn and summing over i and k, we obtain§ 


dWnk dWkk 

(X k t.V;j 


-(TXb)„8(5). 


Writing (1) in the form 

Swjk ^ 1 dwM | cr 8w lt ^ 
exjc cx/c 1—2 cr dxi 

and substituting (2), we find 

dw/ci 1 dzv,, 

& 7 “ (TXb),S(5) ' 

Now changing to u in accordance with (27.2), we find the required equation for the multi¬ 
valued function u(r): 


! -i- = (TXb),S(?). 


Au+:—— grad div u = TXbS(S-). 

1 — 2 cr 


t A well-known example of a defect of this type is a narrow twinned layer in a crystal. 

+ The physical meaning of this and other problems relating to an isotropic medium is purely 
conventional, since actual dislocations by their nature occur only in crystals, i.e. in anisotropic media. 
Such problems have illustrative value, however. 

§ Using also the formula euv.ean = «««) ni *. 
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Problem 2. Determine the deformation near a straight screw dislocation in an isotropic 
medium. 

Solution. We take cylindrical polar co-ordinates z, r , <j>, with the 2 -axis along the disloi a 
tion line; the Burgers vector is b x = by = 0, bz = b. It is evident from symmetry that dm 
displacement u is parallel to the 2 -axis and is independent of the co-ordinate z. The equation 
of equilibrium (3), Problem 1, reduces to A«z = 0. The solution which satisfies the eoiulition 
(27.1) isf u z — b<j>l2rr. The only non-zero components of the tensors Uik and u/i are t/. .[, 
bjAirr, = fibjl-nr, and the deformation is therefore a pure shear. 

The free energy of the dislocation (per unit length) is given by the integral 

F = 

fj,b 2 rdr 

4v J r ’ 

which diverges logarithmically at both limits. As the lower limit we mn .i tain tin uni, i ,,I 
magnitude of the interatomic distances (~6), at which the deformation is laige ami tin nim m 
scopic theory is inapplicable. The upper limit is determined by a dimension ol dm on In ,.l dm 

length L of the dislocation. Then F = (fib 2 /4i t) log (L/b). The energy ol the <iclm mat.. tin 

“core” of the dislocation near its axis (in a region of cross-sectional area ■ /»'■') < an In- ,,1 mini,, I 
as ~ /j.b 2 . When log (Ljb) ^>1 this energy is small in comparison with that ul the rluntii 
deformation field.; 

Problem 3. Determine the internal stresses in an anisotropic medium m ar a s, u-w <Ii iI<m a 
tion which is perpendicular to a plane of symmetry of the crystal. 

Solution. We take co-ordinates x, y, z so that the 2 -axis is along the disloi ation line, uml 
again write b z — b. The vector u again has only the component Uz — u(x, r). Sim e the a v 
plane is a plane of symmetry, all the components of the tensor Anum are zero which i niitam dm 
suffix z an odd number of times. Thus only two components of the tensor <nic are non zero 

8u du 

°xz = b X zxz~ k b-xzyz~ , 

ox oy 

du du 

u yz — ^yzxz~z~ + \zyz~r~- 

ox oy 

We define a two-dimensional vector a and a two-dimensional tensor A„[i: <i„ p 

AazSu (a = 1,2). Then <r a = A a p@tt/6xp, and the equation of equilibrium bn omen div o (I 
The required solution of this equation must satisfy the condition (27. 1): | grml n ■ ill /> 

In this form, the problem is the same as that of finding the magnetic iiuiiu tion and inugm in 
field (represented by a and grad u) in an anisotropic medium of magnetic imnm ability A,.r» 
near a straight current of strength I = cb/Air. Using the solution derived in eln Inalynnmii a, 
we obtain§ 

2tt fXyXp- 

where |A] is the determinant of the tensor A a p. 

t In all the problems on straight dislocations we take the vector x in the negative ar-diro iton. 

t These estimates are general ones and are valid in order of magnitude lor any dislocation (and not 
only for a screw dislocation). 

It should he noted that in practice the values of log (A,//») are usually not very large, and the eneigy 
of the “core” is therefore a considerable fra* tion of the- total energy of the dislocation. 

§ See F.Wtrodytt<ntiu\ofContinuous Mniio, I'lohlrin 
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Problem 4. Determine the deformation near a straight ed^e dislocation in an isotropic 
medium. 

Solution. Let the £-axis be along the dislocation line, and the Burgers vector be b x = b, 
by — b z — 0. It is evident from the symmetry of the problem that the displacement vector 
lies in the rry-plane and is independent of z, so that the problem is a two-dimensional one. In 
the rest of this solution all vectors and vector operations are two-dimensional in the #y-plane. 

We shall seek a solution of the equation 

Au + r-r- grad div u = -ijS(r) 

1 — La 

(see Problem 1; j is a unit vector along the y-axis) in the form u = u"°' ! \v, where u is a 
vector with components u^x — b<j>l2-n, u^ (y> y — (bj2n) log r ; these are the imaginary and real 
parts of (6/27r) log (.%' + iy), r and <j> being polar co-ordinates in the ay-plane. This vector 
satisfies the condition (27.1). The problem therefore reduces to finding the single-valued 
function w. Since, as is easily verified, div u<°l = 0, /u' 0; = fcjS(r), it follows that w satisfies 
the equation 


A^w4-grad div w = — 26jS(r). 

1— 2cr 

This is the equation of equilibrium under forces concentrated along the 2 -axis with volume 
density F6j8(r)/2(1 + a) ; cf. § 8 , Problem, equation (1). By means of the Green’s tensor found 
in that problem for an infinite medium, the calculation of w is reduced to that of the integral 


-—.2? r 

— ff) J . 


R i? 3 J 


R = \/(r 2 + z' 2 ). 


2(1 —cr) x 2 +y 2 


2tt l 2(1 — cr) 


log V'O 2 + J' 2 ) +: 


t) x 2 +y^ 


The stress tensor calculated from this has Cartesian components 

y( 3x 2 -t-y 2 ) 

a xx = -bD— -—, 

(x 2 4-y 2 ) 2 

y(x 2 — y 2 ) 

Oyy = bD— - — , 

JV ( x 2 +y 2 ) 2 

x(x 2 —y 2 ) 

O x y —— bD , 

V (x 2 +y 2 ) 2 


and polar components 


a rr = <r H = - (bDjr) sin 
Or# = (bD/r) cos <j>, 


where D == /x/2tt( 1 — <r). 
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Problem S. An infinity of identical parallel slraighl edge dislocations it: 
medium lie in one plane perpendicular to their Burgers vectors and at equal dial 
Find the shear stresses due to such a “dislocation wall” at distances large comp; 

Solution. Let the dislocations be in the 3 ' 2 -pJane and parallel to the 2-axis, 
the results of Problem 4, the total stress due to all the dislocations at the point (,v, 
the sum 


o X y{x, y) = bDx 


This may be written in the form 


x 2 — (y — nh) 2 
[x 2 + {y — nh ) 2 ] 2 


, a T 8J(a, B) 

o xy = -bD- 7(a,ffl + « v , 

hi da. _ 


« 1 

/(«, (S)= >-- 

Z, a 2 + f fl 


+ (p-n ) 2 


xjh, /S = y/h. 


According to Poisson’s summation formula 


2 /(”) = ^ J f(x)e 2 ” ikx dx. 


n =-oo lc = - a>- 




gZ nik 


77 277 x ' 

-4-- / e~ 2nkx cos IttIiB. 

a cn *—• 


When a = xjh^> 1 only the first term need be retained in the sum over k, and tin 


oxy = 4t7 2 D—e 27,x th cos(27 rylh). 
h 2 

Thus the stresses decrease exponentially away from the wall. 


§28. The action of a stress field on a dislocation 

Let us consider a dislocation loop I) in a field of elastic stresses ir lh M 
created by given external loads, and calculate the force on the loop in such a 
field. 

According to the general rules, this must he done by finding the work SR 
done by internal stresses in an infinitesimal displacement of the loop I). If 
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Suae is the change in the strain tensor clue to tins displacement, we have hoin 

(3.1)t 


Si? = — | aiic^SuncdV. 

Since the distribution of the stresses a ik <«> is assumed independent of tlie- 
position of the dislocation, we can take the difference symbol S outside the 
integral. Using also the symmetry of the tensor 0 ^ and the equation ol 
equilibrium dai k ^jdx k = 0, we can write 

SR — — S (aoc^uucdV 

= -sL*AlF 

J VXl 

= -sf- (cr tt %)dF. (2S-1) 

J OXi 

As explained in §27, we shall regard the displacement u as a single-valued 
function having a discontinuity on some surface Sd spanning the line I). 1 hen 
the volume integral in (28.1) can be transformed into an integral over a close el 
surface consisting of the upper and lower surfaces of the cut Sd, joined by a 
tubular lateral surface of infinitesimal width enclosing the line D. The valueit 
of the continuous quantities are the same on both surfaces, but the values 

of u differ by a given amount b. We therefore obtain^ 

SR = -b k sL ik M&fi. (28.2) 

S D 

Let each element of length dl of the dislocation be displaced by an amount 
Sr. This displacement causes a change in the area of the surface Si>, tin- 
elementary change being Sf = Sr X dl, i.e. Sfi = = e%imn& x m r ndl- 

The work (28.2) therefore becomes a line integral round the dislocation loop: 


SR = — 0 bk^lmn GJci^SxTftTjidl, 


D 

where x is the tangent vector to D. 

The coefficient of Sx m in the integrand is minus the force f m on unit length 


f To avoid misunderstanding we must emphasise that Hint in this formula is to he taken (ina< < ui.lum « 
with the sense of this quantity in (3.1)) as the total (geometrical) change in the deformation lolhiwinu 
infinitesimal movement of the dislocation. It comprises both elastic and plastic (see §2*1) paita. 

t The integral over the tubular lateral surface of radius vanishes as • (>, since the he, out. 
infinite more slowly than 1 /»>. 
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of the dislocation line. Thus 
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fl = e iklTk<Hiii M l>m (28.3) 

(M. Peach and J. S. Koehler 1950). We may note that the force f is pci pm 
dicular to the vector t, i.e. to the dislocation line, and also to the vector 
<rnc (e) b k - 

The plane which is defined by the vectors t and b at each point of the dis 
location is called the slip plane of the corresponding element of the dislocat ion; 
for every element this plane of course touches the slip surface of the whole 
dislocation, which is a cylindrical surface with generators parallel to the bur¬ 
gers vector b of the dislocation. The distinctive physical property of the slip 
plane is that it is the only one in which a comparatively easy mechanical dis 
placement of the dislocation is possible.-]- For this reason it is of inlere.sl to 
determine the force (28.3) on this plane. 

Let k be a vector normal to the dislocation line in the slip plane. Then (In- 
required force component (/ L , say) is f s = K{fi = eij c iKiriJ>m' ! im {,) , <" 

f ± = W a lnS e ^bm> (28■ 'I) 

wherev = KX-risavector normal to the slip plane. Since the vectors I* and v 

are perpendicular, we see that the force f x is determined by only one ... 

nent if two of the co-ordinate axes are taken along these vectors. 

The total force acting on the whole dislocation loop is 

F{ = e^bm^ viml^dxk- (28.5) 

D 

This is zero except for a non-uniform stress field; when = constant, 

the integral is §dx k = 0. If the stress field varies only slightly over the loop, 
we can write 

Smm [e) r 

Fi — eiklbm ~ <t>Xpd x k , 

CXj) J 
D 

the loop being regarded as situated near the origin .This force can he ex pi eased 
in terms of the dislocation moment d k i defined by (27.11): 

Ft = dkidoki^ldxi. (28.f>) 


PROBLEMS 

Problem 1. Find the force of interaction between two parallel screw dislocations m an 
isotropic medium. 


f This fact follows from the microscopic form of 
edge dislocation shown in Fig. 22 in its slip plane (the . 
atoms are sufficient, which make crystal planes farther 51 
it) into “extra” planes. 

The movement ol (lie dislocation in other directn 
example, the dislocation shown in I'ig. 22 cun move in 
half-plane by diffusion. Such a piocnm can be of pin< i 


dislocation defect, for example, to move the 
r-plane) comparatively slight movements ol the 
d fart I mu' from the ys plane (hut still pin a I hi (o 

s can occur only by diffusion pro»esnen. hot 
lie y.v plane only when atoms leave the “e\tiu“ 
id impoitancc only at fairly high lempeiatm cm. 
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Solution. The force per unit length notion on one dislocation in the stress field due to tin- 
other dislocation is determined from formula (28.4), rising the results of §27, I’rohlem 2. It is 
a radial force of magnitude/ = \s.b\b 2 }'frrr. Dislocations of like sign (bj> 2 : (!) repel, while 
those of unlike sign (b\b 2 < 0) attract. 

Problem 2. A straight screw dislocation lies parallel to the plane free surface of an iso¬ 
tropic medium. Find the force acting on the dislocation. 

Solution. Let the y 2 -plane be the surface of the body, and let the dislocation be parallel to 
the 2 -axis with co-ordinates x = xn, y — 0. 

The stress field which leaves the surface of the medium a free surface is described by the sum 
of the fields of the dislocation and its image in the y 2 -plane, considered to lie in an infinite 
medium: 


i‘ b r y _ y I 

2t7 L (x - xo) 2 +y 2 (x+.«o) 2 +;y 2 J ’ 

lib r x—xq # + *0 ] 

VZ 2tt L (x — xo) 2 +y 2 (x + xo) 2 +y 2 \ 

Such a field exerts a force on the dislocation considered which is equal to the attraction exerted 
by its image, i.e. the dislocation is attracted to the surface of the medium by a force 
/ = p.6 J /47Wco. 

Problem 3. Find the force of interaction between two parallel edge dislocations in an 
isotropic medium which are in parallel slip planes. 

Solution. Let the slip planes be parallel to the * 2 -plane and let the 2 -axis be parallel to the 
dislocation lines; as in §27, Problem 4, we put t z = — 1 ,b x — b. Then the force on unit length 
of the dislocation in the field of elastic stresses otic has components/;!; = bo X y,fy = — bn, 
In the case considered, oik is determined by the expressions derived in §27, Problem 4. If one 
dislocation is along the 2 -axis, it exerts on the other dislocation (passing through the point 
{x,y, 0)) a force whose polar components are f r = bibJDjr, — (bib 2 Djr) sin 2 <f>, /) 

p./27r(l — o-). The component of this force in the slip plane is f x = {bib^Djr) cos <j> cos 2>/■, 
which is zero when <j> = Jir or Jw. The former position corresponds to stable equilibrium when 
bib 2 > 0, the latter when bib 2 < 0. 


= m _ y 

2tt\_ (x — Xq 


§29. A continuous distribution of dislocations 

If a crystal contains several dislocations at the same time which arc at 
relatively short distances apart (although far apart compared with the lall ici- 
constant, of course), it is useful to treat them by means of an averaging process: 
we consider “physically infinitesimal” volume elements in the crystal with a 
large number of dislocation lines through each. 

An equation which expressed a fundamental property of dislocation deforms 
tions can be formulated by a natural generalisation of equation (27.6). We 
define a tensor pit (the dislocation density tensor) such that its integral over a 
surface spanning any contour L is equal to the sum b of the burgers vccIoim 
of all the dislocation lines embraced by the contour: 


j" Plk&fi = b k . 


The continuous functions p Ul describe the distribution of dislocations in the 
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crystal. This tensor rrow replaces the expression on the right ol equation 

(27.6): 

Cilln ( SC ln k j OXi - — pi k . ( 29 . 2 ) 

This equation shows that the tensor pi k must satisfy the condition' 

Spik/Sxi = 0 ; ( 29 . 3 ) 

for a single dislocation, this condition simply states that the burgers vector is 
constant along the dislocation line. 

When the dislocations are treated in this way, the tensor wik becomes a 
primary quantity describing the deformation and determining the strain ten 
sor through (27.4). A displacement vector u related to wi k by the definition 
(27.2) cannot exist; this is clear from the fact that with such a dcliniiion lire 
left-hand side of equation (29.2) would be identically zero throughout lire 
crystal. 

So far we have assumed the dislocations to be at rest. Let us now sec bow a 
set of equations may be formulated so as to allow in principle elastic delbrm.i 
tions and stresses in a medium where dislocations are moving in a given man 
nerf (E. Kroner and G. Rieder 1956). 

Equation (29.2) is independent of whether the dislocations are at resl m in 
motion. The tensor wik still determines the elastic deformation; its symmetri 
cal part is the elastic strain tensor, which is related to the stress tensor in lire 
usual way, by Hooke’s law. 

This equation, however, is now insufficient for a complete formulation ol 
the problem. The full set of equations must also determine the velocity v of 
the points in the medium. 

It must be borne in mind that the movement of dislocations causes not only 
a change in the elastic deformation but also a change in the shape of lire crystal 
which does not involve stresses, i.e. a plastic deformation. The motion of dm 
locations is in fact a mechanism of plastic deformation. This is clearly lllimi i a 
ted by Fig. 25, where the passage of the edge dislocation from lell to right 
causes the part of the crystal above the slip plane to be shifted to (In- right by 
one lattice period; since the lattice is then regular, the crystal remains un 
stressed. Unlike an elastic deformation, which is uniquely defined by the 
thermodynamic state of the body, aplastic deformation depends on the process 
which occurs. In considering dislocations at rest wc have no need to dislrii 
guish elastic and plastic deformations, since we are concerned only with 
stresses which are independent of the previous history of the crystal. 

Let u be the geometrical displacement vector ol points in the medium, 
measured, say, from their position before the deformation process begins; its 


t We shall not (list unn line (hr problem ol ilrlri milling tliiH motion ilttrll liom the Iiiiith uppltri! lo 
the body. r riu* wolut ion ol utn h tt pi ohlt-m t <-<|un ni ii tleluih-J nl ml y ol I hr iiiM i om opn mrrhimiHm ol I hr 
motion of clmlm utionti ami thru i«-taitlation by vmiomi tlrlrt 1m, whit h most taltr tin omit of thr 
conditions o<< mi mp: in n<tuul tiynluhi 
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, mK . derivative u v. II the “lolal distortion” tensor W ik = Sut/fal S 
| om „-,| Iron) I lie vector u, its “plastic part” obtained by subtracting 





Fig. 25 

from Woe the “elastic distortion” tensor, which is the same as the tensor w ik in 
(29.2). We use the notation 

—jik = (29.4) 

the symmetrical part of j tk gives the rate of variation of the plastic deformation 
tensor* the change in ip/d 1 ’ 1 ) in an lnlimtesimal time interval 8t is 

= —K jik+jici)<>t. (29.5) 

We may note, in pailicnlar, that, if a plastic deformation occurs without 
destroying the continuity of the body, the trace of the tensor j ilc is zero: a 
plastic deformation causes no extension or compression of the body (which 
would always involve the appearance of internal stresses), \.c.u kk < pl > = 0, and 
therefore /a* : **• 


. / i iiiiIiiiikhis ilislnhiili,ni a/ .Inin, <i/„,,is 


Substituting in the definition (20. |) H . u < 


n , we can write it as 


an equation which relates the rates of change of the elastic and plastic deforma¬ 
tions. Here the ju c must be regarded as given quantities which must satisfy 
conditions ensuring the compatibility of equations (29.6) and (29.2). These 
conditions are found by differentiating (29.2) with respect to time and sub¬ 
stituting (29.6), and are 

8pi/c djmk 

“^r + '“"&r' 0 ' < 29 - 7 > 

The complete set of equations is given by (29.2) and (29.6), together with the 
dynamical equations 

pVi = doik/dxk, (29.8) 

where o ik = A = AiicimWim -The tensors p ik and j ik which appear in 
these equations are given functions of the co-ordinates (and time) which 
describe the distribution and movement of the dislocations. These functions 
must satisfy the compatibility conditions of equations (29.2) with one another 
and with (29.6), which are given by (29.3) and (29.7). 

1 he condition (29.7) may be regarded as a differential expression off lu* “law 
of conservation of the Burgers vector” in the medium: integrating both sides 
of this equation over a surface spanning some closed line /., defining by ( 2T I) 
the total Burgers vector b of the dislocations embraced by /., and using 
Stokes’ theorem, we obtain 


The form of this equation shows that the integral on the right gives the “flux” 
of the Burgers vector through the contour L per unit time, i.e. the Burgers 
vector carried across L by moving dislocations. We may therefore call j ik the 
dislocation flux density tensor. 

In particular, it is clear that for an isolated dislocation loop the tensor ji k has 
the form 

Jik = e ilmPlkVm 

= eumvVmbk S(l-), (29.10) 

pile being given by (27.6), and V being the velocity of the dislocation line at a 
particular point on it. The flux vector through the element dl of the contour 
L is/a-d/.,; and is proportional to dl-r XV - V-dl Xt, i.e. the component of V 
in a direction perpendicular In both ill and x; from geometrical considerations 







138 


/ hslm iilnnn 


§29 


it is evident that this is correct, since only ilia) velocity component causes the 
dislocation to intersect the element ell. 

We may note that the trace of the tensor (29. 10) is proportional to the com¬ 
ponent of the velocity of the dislocation along the normal to its slip plane. It 
has been mentioned above that the absence of any inelastic change in density 
of the medium is ensured by the condition ju = 0. We see that for an indivi¬ 
dual dislocation this condition signifies motion in the slip plane, in accordance 
with the previous discussion of the physical nature of the movement of dis¬ 
locations; see the last footnote to §28. 

Finally, let us consider the case where dislocation loops are distributed in 
the crystal in such a way that their total Burgers vector (denoted by B) is zero.f 



Fic. 26 


This condition signifies that integration over any cross-section of the body 
gives 

jpikdfi = 0. (29.11) 

From this it follows that the dislocation density in this case can be written as 

pile — e ilm^Pmlcl^ x i (29.12) 

(F. Kroupa 1962); then the integral (29.11) becomes an integral along a con¬ 
tour outside the body, and is zero. It may also be noted that the expression 
(29.12) necessarily satisfies the condition (29.3). 

It is easy to see that the tensor Pik thus defined represents the dislocation 
moment density in the deformed crystal, and may therefore be called the 
“dislocation polarisation”: the total dislocation moment Du c of the crystal is, 
by definition, 


Dik — Sib]c — \en m bi^xidxn 



&Um x lpmkd V , 


f The presence of a dislocation involves a eerlain I >«*m 1 i i ii: of 111«* crystal, «n nlmwn dia/'iammutienlly 
in Fig. 26 (greatly exaggerated). The eomlitiou It O means that there in no nun tosmpic bending of 
the crystal as a whole. 
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where the summation is over all dislocation loops and the integration is ovci 
the whole volume ol the crystal. Substituting (29.12), we obtain 


i J ( 'ihllP: 

ij" x rn | 


UniPmpqXi - d 1 

OX'J) 

/ dP m k 8Pik\ 


and, after integrating by parts in each term, 


D ik = (PikdV. (29.13) 

The dislocation flux density is given in terms of the same tensoi by 

jik= -dPikldt. (29.1-1) 

This is easily seen, for example, by calculating the integral |/, A d! ovn an 
arbitrary part of the volume of the body, using the expression (29.10), to give 
a sum over all dislocation loops within that volume. We may note that the 
expression (29.14) together with (29.12) automatically satisfies (lie condition 
(29.7). 

A comparison of (29.14) with (29.4) shows that bzvup ,[ ) ,3/’^. II w< 
agree to regard the plastic deformation as absent in the state with P a 0, 
then roa* (pl> = P«,f and 

Wik = Wik - = dukl 8xi - Pit , ( 29 . 1S) 

where Uk is again the vector of the total geometrical displacement I. tin- 

position in the undeformed state. Equation (29.6) is then satisfied idcnti< ally, 
and the dynamical equation (29.8) becomes 

piii dikiyfiC^UmjOXk'oxi — A'/.-tm. '^Pim /V/.-. (3b l(>) 

Thus the determination of the elastic deformation due to moving ..a 

withB = 0 reduces to a problem of ordinary elasticity theory with body Immi 
distributed in the crystal with density —A ikimdP iml dx k (A. IVI. kn a vion 
1963). 


§30. Distribution of interacting dislocations 

Let us consider a large number of similar straight dislocations lying, 
parallel in the same slip plane, and derive an equation to determine then 
equilibrium distribution. Let the rr-axis be parallel to the dislocations, and 
the xar-plane be the slip plane. 

t It is assumed that the entire deformation proeexs oeeurs with K 0. Thin point mini he empha 
sised, since there is a fundamental diUcrenre between the tensors l* a and ve,/ 1 ’ 1 *: wheieiis /*„ in n lum 
t ion of the state of the hotly, the tensor n <A 1,1 is not, hut depends on the process which has hi mi).'lit I hr 
hotly into that stale. 
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We shall suppose lor definiteness dial die Iturgcrs vec tors of the disloca¬ 
tions are in the x-dircction. Then die force in die slip plane on unit length of 
a dislocation is bo xy , where a xy is the stress at the position of the dislocation. 

The stresses created by one straight dislocation (and acting on another 
dislocation) decrease inversely as the distance from it. The stress at a point x 
due to a dislocation at a point x' is therefore bf)/(x — x'), where D is a constant 
of the order of the elastic moduli of the crystal. It may be shown that this 
constant D is positive, i.e. two like dislocations in the same slip plane repel 
each other.f 

Let p(x ) be the line density of dislocations on a segment («], a 2 ) of the 
x-axis; p(x)dx is the sum of the Burgers vectors of dislocations passing through 
points in the interval dx. Then the total stress at a point x on the x-axis due to 
all the dislocations is given by the integral 


a xy(x) — 


} c p(m 

J £ — x 


For points in the segment ( a lt a 2 ) this integral must be taken as a principal 
value in order to exclude the physically meaningless action of a dislocation on 
itself. 

If the crystal is also subjected to a two-dimensional stress field a xy ( e )(x, y) 
in the xj-plane, caused by given external loads, each dislocation will be sub¬ 
jected to a force b(<y xy +p(x)), where for brevity p{x) denotes a xy < e \ x , 0)- The 
condition of equilibrium is that this force should be zero: cr xy +p = 0, i.e. 


' p(£)d£ p(x) 


= (u(x), 


where P denotes, as usual, the principal value. This is an integral equation to 
determine the equilibrium distribution p{x). It is a singular equation with a 
Cauchy kernel. 

The solution of such an equation is equivalent to a problem in the theory of 
functions of a complex variable which may be formulated as follows. 

Let Ii(sj denote a function defined throughout the complex ^-plane (cut 
from a\ to a 2 ) as the integral 


(v a 


Let Q + (x) and Q~(x) denote the limiting values of 0(.cr)on l lie upper ami lower 
edges of the cut. They are equal to similar integrals along (he segment (r/j, </■•) 


Pnh ihiilmn of mlrnn Inn; ilislm iillom 


with an indenlalion in the form ni an inlinilesinial srmieuele below or aho\< 
the point xr .v respectively, i.e. 


Q '(x) - Lj ^ ± /;;/.(0. 


If p(£) satisfies equation (30.2), the principal value of the integral is <.>(.v), and 
we therefore have 

Q + (x) 4- £L(x) = 2 oj(x), (30 3) 

Q+(x) — 0~(x) = Ziirpix). (30.0) 

Thus theproblem of solving equation (30.2) is equivalent to that of finding an 
analytic function Q(s) with the property (30.5); p(x) is then gum by ( ill n) 
The physical conditions of theproblem in question also require that •< ) 0, 

this follows because far from the dislocations (x->-;f co) the slresM-:. ■■,,, mu .1 
be zero (by the definition (30.3), a xy (x) = — J)Ll(x) outside the ■.rgnimi 

(at, «2)). 

Let us first consider the case where there are no external si resscs (/>(.v) (•), 

and the dislocations are constrained by some obstacles (lattice del'e* ts) at tbl¬ 
ends of the segment (a\, a 2 ). When w(x) = 0 we have from (30.5) J..» '(a ) 

— Q“(x), i.e. the function Q(«) must change sign in a passage round each nl 
the points «i, a 2 . This condition is satisfied by any function ol the form 

P(z) 

^ Z )=-7T ( -W-FT- (■«'■') 

v[(«2-*)(2-ai)] 

where P(z) is a polynomial. The condition Q(oo) =-- 0 means that we mm.I 
take P(z ) = 1 (apart from a constant coefficient), so that 


V[(aa-*)(*-«!)]' 

The required function p(x) will, according to (30.6), have the same lotm T 
coefficient is determined from the condition 


)df = n. 


where B is the sum of the Burgers vectors of all the dislocations, and so we haw 


"V l ("2 v)(.V „,)T 

We see that the disloeal ions pile up towaids the obstacles at the ends ol the 
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segment, with density inversely pmpm lum.il lo I lie square mot nl the distance 
from the obstacle. The stress outside the segment (n\, </•_>) increases in the same 
manner as the ends of the segment are approached, e.g. for x>a 2 


VT(*-02)(tf2-«i)] 

In other words, the concentration of dislocations at the boundary leads to a 
stress concentration beyond the boundary. 

Let us now suppose that under the same conditions (obstacles at the fixed 
ends of the segment) there is also an external stress field p(x). Let Oo(^) 
denote a function of the form (30.7), and let us rewrite equation (30.5) 
divided by £Io + = — Qo~ as 

f!+(*) Q~(x) 2a>(x) 

Qo + («0 flo (x) O 0 +(x) ’ 

A comparison of this with (30.6) shows that 


<W) 


- + iTrP(z), 


where P(z) is a polynomial. A solution which satisfies the condition O(oo) 
= 0 is obtained by taking as Q 0 (*) the function (30.8) and putting P(z) = C, 
a constant. The required function p(x) is hence found by means of (30.6), and 
the result is 


T 2 Vl( a 2 -x)(x-ai)] 


pj w (£)V[( a 2—£)(£— «i)]- 


V[(«2-*)(*-«l)] V ' ’ 

The constant C is determined by the condition (30.9). Here also p(x) increases 
as (a-t — x)~ 1/2 when x -xi 2 (and similarly when x->a\), and a similar concentra¬ 
tion of stresses occurs on the other side of the boundary. 

If there is an obstacle only on one side (at a 2 , say) the required solution 
must satisfy the condition of finite stress for all x<a 2 , including the point x 
ai ; the position of the latter point is not known beforehand and must be deter¬ 
mined by solving the problem. With respect to <2(.cr) this means that <2(ui) 
must be finite. Such a function (satisfying also the condition Ll( a>) ()) i. s 

obtained from the same formula (30.11) by taking for <>„(w) tin* function 


I >nh ilniluiii of inh i (ii tnn[ ilnlm iitiom 


111 


v/L(~-"!)/(":> .v.)|, which is also ol the form (30.7), and putting /’(v.) 0 in 

(30.11). The result is 


7r 2 V a 2 — x J V £ — 


When x^-ai, p(x) tends to zero as \/(x —«i). The total stress <j> v (.v) I />(.v) 
tends to zero according to a similar law on the other side of the point n\. 

Finally, let there be no obstacle at either end of the segment, and Id tIn- 
dislocations be constrained only by external stresses p(x). The corresponding 
Q(sr) is obtained by putting in (30.11) Ho(~) = •\/[(a , 2 — ~)(~- «i)|, /’(•..) 0 

The condition f2(oo) = 0, however, here requires the fulfilment of a liuthci 
condition: taking the limit as z-+cc in (30.11), we find 


V[(«2-0(£-«i)] 


The function p(x) is given by 


j a 2 

p(x)= -~- 2 V[(az-x)(x-ai)]pj 


-(30.15) 

V[(« 2 -^-«i)i a .v 


the co-ordinates a\ and a 2 of the ends of the segment being determined by l In 
conditions (30.9) and (30.14). 


Find the distribution of dislocations in a uniform stress field p(x) — />n over a M-gim-nt 
with obstacles at one or both ends. 

Solution. When there is an obstacle at one end ( a 2 ) the calculation of tin* init ial (.10 I 1) 
gives 

po jx-ai 


7rD\ #2 ~ X 

The condition (30.9) determines the length of the segment occupied hy dislocation?;: 
IBDJPq. Beyond the obstacle there is a concentration of stresses near it according t< 


O'xy = p0 


For a segment of length 2 L bounded by two obstacles we take the origin of .v at the imtlp- 
and obtain from (30.12) 


r(x) ’ IK, «). 

' t r\/(i:’ T') \i) I 
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§31. Equilibrium of a crack in an clastic medium 

The problem of the equilibrium of a crack is somewhat distinctive among 
the problems of elasticity theory. From the point of view of that theory, a 
crack is a cavity in an elastic medium, which exists when internal stresses are 
present in the medium and closes up when the load is removed. The shape and 
size of the crack depend considerably on the stresses acting on it. The mathe¬ 
matical feature of the problem is therefore that the boundary conditions are 
given on a surface which is initially unknown and must itself be determined in 
solving the problem.f 

Let us consider a crack in an isotropic medium, of infinite length and uni¬ 
form in the ^-direction and in a plane stress field oik (e >(x, y ); this is a two- 
dimensional problem of elasticity theory. We shall suppose that the stresses 
are symmetrical about the centre of the cross-section of the crack. Then the 
outline of the cross-section will also be symmetrical (Fig. 27). Let its length be 
2 L and its variable width h(x ); since the crack is symmetrical, /?(— x) = h(x) 


\y 



Fig. 27 


We shall assume the crack to be thin (h<^L). Then the boundary conditions 
on its surface can be applied to the corresponding segment of the x-axis. Thus 
the crack is regarded as a line of discontinuity (in the xy-plane) on which the 
normal component of the displacement u y — ± \h is discontinuous. 

Instead of h(x) we define a new unknown function p(x) by the formulae 

L 

h(x) ~ Jp(x)dx, p(-x)= —p(x). (31.1) 

X 

The function p(x) may be conveniently, though purely formally, interpreted 
as a density of straight dislocations lying in the ^-direction and continuously 
distributed along the x-axis, with their Burgers vectors in the y-direction.;' 
It has been shown in §27 that a dislocation line may be regarded as the edge of 
a surface of discontinuity on which the displacement u has a discontinuity b. 
In the form (31.1) the discontinuity h of the normal displacement at the point 


f The quantitative theory of cracks discussed here is due lo (I. I. Hahiniuait (ITSt)). 

* It is for this reason that the theory of crackn is dcs< tibed line in the thapln on dislocations, 
although physically the phenomena are quite difleieni. 
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x is regarded as the sum ul the Burgers vectors ol all the dislocations lying to 
the right of that point ; the equation />( ,v) p(.\) signifies that the din 

locations to the right and to the leit of the point ,v 0 have opposite signs 

By means of this representation we can write down immediately an expression 
for the normal stresses (o yy ) on the x-axis. These consist of the stresses 
Oyy^^x, 0) resulting from the external loads (which for brevity we denote by 
p(x)) and the stresses o- w (cr) (v) due to the deformation caused by the ciai 1 
Regarding the latter stresses as being due to dislocations distributed uvci tl>< 
segment ( — L, L), we obtain (similarly to (30.1)) 

f p(0 

a yy ^\x) = —D —y—(31-2) 

4 *"* 

for points in the segment (-L, L) itself, the integral must he taken as a pi mu 
pal value. For an isotropic medium, 

a E 

Z> = -——— =-; (31.i) 

277(1 — a) 4 tt( 1 — a 2 ) 

see §28, Problem 3. The stresses a xy due to such dislocations in an isotropic 
medium are zero on the x-axis. 

The boundary condition on the free surface of the crack, applied (as already 
mentioned) to the corresponding segment of the x-axis, requires that die 
normal stresses a yy = cr yy l ' CI '> +p(x) should be zero. This condition, liowevei, 
needs to be made more precise, for the following reason. 

Let us make the assumption (which will be confirmed by the result) that 
the edges of the crack join smoothly near its ends, so that: the surfaces appioat li 
very closely. Then it is necessary to take into account the forces of molecul.u 
attraction between the surfaces; the action of these forces extends to a distant r 
r o large compared with interatomic distances. These forces will he ol impoi 
tance in a narrow region near the end of the crack where /; r o; the Irnglli ol 
this region will be denoted by d in order of magnitude, and will he estimated 
later. 

Let G be the force of molecular cohesion per unit area of the ti.uk , it 
depends on the distance h between the surfaces.f When these force:; ai c laki n 
into account, the boundary condition becomes 

°3/i/ cr) +p{x) — G = 0. (31 I) 

It is reasonable to suppose that the shape of the crack near its end is delei 
mined by the nature of the cohesion forces and does not depend on the extei nal 
loads applied to the body. Then, in finding the shape of the main part ol I lit 
crack from the external forces p(x), the quantity G becomes a given luiu lion 
G(x) independent of p(x) (over the region <!, outside which it is iinimporl.ini). 


f In the tnjUTosropir (henry, ihe him him t»’(.v) in In he ieg;iiile<l nn im inning rtninnlhly, in /. x 
decreases, tip In a maximum value at ihr mil <il iIm- t nu It 
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Substituting c 2/ ,/ cr ) from (31.2) in (31.4), wc thus obtain the following 
integral equation for p(x): 


■p(f)df 1 1 

—-= —p(x)-—g(x) = co(x). 

g — x D D 


Since the ends of the crack are assumed not fixed, the stresses must remain 
finite there. This means that, in solving the integral equation (31.5), we now 
have the last of the cases discussed in §30, for which the solution is given by 
(30.15). With the origin at the midpoint of the segment ( -L , L) this formula 
becomes 


/>M - - “f dL. 

77- J y (L z — £ 2 ) g — x 

The condition (30.14) must be satisfied, which in this case gives 


f P( x ) dx f G(x)dx 

J V(L 2 ~x 2 ) JV(i 2 -* 2 ) 3L?) 

(where the integrals from -L to L have been replaced by integrals from 0 to 
L, using the symmetry of the problem). Since G(x) is zero except in the range 
L-x~d, in the second integral we can put L 2 -x 2 ^2L(L-x)-, the condition 
(31.7) then becomes 

f p(x) dx M 

J \/(L 2 — x 2 ) = V(2 L)’ (3LS) 

where M denotes the constant 


which depends on the medium concerned. This constant can be expressed in 
terms of the ordinary macroscopic properties of the body, its elastic moduli 
and surface tension a; as will be shown later, the relation is 

M='\/[it<x.EI(1 — a 2 )]. (31.10) 

The equation (31.8) determines (lie length 21, of (he crack from (he given 
stress distribution />(.v). for example, lor a crack widened by concentrated 
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lorccs / applied lo (lie midpoints ol (lie sides (/>(.v) /,S(.\)) we Imd 

21, piM* 

= / 2 (l “ <> 2 ) I Trail. (31.11) 

It must be remembered, however, that stable equilibrium of a crack r. not 
possible for every distribution p{x). For instance, with uniform wideiung. 
stresses ( p(x) = constant = p 0 ) (31.8) gives 

2 L = 4Af2/ 77 2 J& „ 2 

= 4a£'/77(l - a 2 )pd 2 . (111.’) 

This inverse relation (L decreasing when^> () increases) show:, that the a.ii, 
unstable. The value of L determined by (31.12) correspond:, to un .i.ibh 
equilibrium and gives the “critical” crack length: longci cm, k. rll , w ,,,,,, 
taneously, but shorter ones close up, a result first derived by A A (dm inn 
(1920). 

Letus nowreturn to the considerationof the.shape oil lie eraef When /. , ,/, 
the region L— is the most important in the integral in (31 .(•). The mic r i ,d 
can then be replaced by its limiting value as x >L ; the result is /( constaul 
x \/(L — x), whencef 

h(x) = constant x(L- x) 312 (L x~d). (31.11) 

We see that over the terminal region d the two sides of the crack in fact |om 
smoothly. The value of the coefficient in (31.13) depends on the pmpci ties ol 

the cohesion forces and can not be expressed in terms of the ordinal ... 

scopic parameters.^ 

For the part farther from the end, where d^L-x-4 L, the region /, / </ 

is again the most important in the integral in (31.6), and <„(,()'' (,’(.•[)//) |,, 

addition to putting L 2 -x 2 ~2L{L-x), L 2 -£ 2 ~2L(L ■(), we can line 
replace g-x by L-x, obtaining p = MjTr 2 D\/\L-x), where ,1 / is the same 
constant as in (31.9), (31.10). Hence 

h(x) = 2MV(L-x)jTT 2 D (d<L x<L). (till) 

Thus the end of the crack has a shape independent of the applied forces (and 
therefore of the length of the crack) throughout the range /, ,v- /,: when 

L-x^>d the shape is given by (31.14), and when L-x~d it has an infinitely 

t In order to proceed to the limit we must first divide the integral in (.11.0) into two iiln mil. 
numerators <u(f) cv(/,) and e>(f.); the second integral makes no conlrihulion to tiledimilm,r valor 

t An estimate of the coefficient in (31.11) pives a value of I hr order of Vi/.l, vvhcic,, ... 

of an atom (usuir a ~ alC, M ~ /'.Vo). An estimate of the Iciif'th ,/ is olilaineil Ironi the ,ondilion 
h(,l) ~ r o, whence </~ r«"/,l r„. It should he mentioned, however, I let ,,, pm.Sue the ,e,|nnr.t 

inequalities are satisfied only hy a small inaipio, so lhal the re ailtmi; shape ol the tenninal piojr, .. 

of the cnick is not to hr taken as rxu< 1. 
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sharp projection (31.13) (hip. 2M). TIk- shape ol the remainder ol the crack 
does depend on the applied forces. 



Fig. 28 


If we ignore details, of the order of the radius of the action of the cohesion 
forces, the crack therefore has a smooth outline with ends rounded according 
to the parabolas (31.14), and this shape is entirely determined by the applied 
forces and the ordinary macroscopic parameters. The small ( ~d ) terminal 
projections which actually occur are of fundamental significance, however, 
since they ensure that the stresses remain finite at the ends of the crack. 

The stresses caused by the crack on the continuation of the #-axis are given 
by formula (31.2). At distances x — L such that d<4x — L<$,L, we havef 

Vyy = Vyy ( - CT ' > = Mj7T\/(x — L). (31.15) 

The increase in the stresses as the edge of the crack is approached continues 
according to this law up to distances x—L~d, and a yy then drops to zero at 
the point x — L. 

It remains to derive the formula (31.10) already given above, which relates 
the constant M to the ordinary macroscopic quantities. To do this, we write 
down the condition for the total free energy to be a minimum by equating to 
zero its variation under a change in the length L. 

Firstly, when the length of the crack increases by 8L the surface energy at 
its two free surfaces increases by S/ ; ’ sur r = 2aS L. Secondly, the “opening” of 
the crack end reduces the elastic energy F e \ by ^a yy (x)rj(x)dx, where rj(x) is 
the difference in width between the displaced and undisplaced crack shapes. 
Since the shape of the crack end is independent of its length, y(v) = h(x — 8L) 

— h(x). The stress a yy = 0 for x < L, and h(x) = 0 for x>L. Hence 
L+SL 

8F e i= —^ja m (x)h(x — 8L)dx. 

i. 


f The integral is easily calculsitct! directly, but il i>. not nn nmm v • <* i 
between the functions for .v /, siihI o uu (, ,) hn ' / , xvlm li i» rvn 


we use the relation 
i the lertiilts of § 10 . 


ilo this if 
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lujiulihiniiti oj it iititli i/i iiii i'lii\hi' medium 


H'l 



SL 

M 2 r -\/y dy 
7 t 3 Z)J x/(8L—y) 


Finally, the condition 8F sn rt+ 8F e i — 0 gives the relation /I/ -in '/>, and 
hence we have (31.10). j- 


f It may be noted that the theory described above, inchidini'. I lie i «•!:<* n »n (II I III, n m i ’t " "l.h 

as it stands only to ideally brittle bodies, i.e. those which remain lineai Iv ''hen n m|. m loam • , .h 

glass and fused quartz. In bodies which exhibit plasticity tin- I'omulinn ..I it,.-. 1.1, I. n»v la .. 

by plastic deformation at its ends. 
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THERMAL CONDUCTION AND VISCOSITY IN SOLIDS 

§32. The equation of thermal conduction in solids 

Non-uniform heating of a solid does not cause convection as it generally 
does in fluids. Hence the transfer of heat is effected in solids by thermal 
conduction alone. The processes of thermal conduction in solids are there¬ 
fore described by somewhat simpler equations than those for fluids, where 
they are complicated by convection. 

The equation of thermal conduction in a solid can be derived immediately 
from the law of conservation of energy in the form of an “equation of con¬ 
tinuity for heat”. The amount of heat absorbed per unit time in unit volume 
of the body is TdS/dt, where S is the entropy per unit volume. This must 
!><• put equal to div q, where q is the heat flux density. This flux can 
almost always be written as — k grad T, i.e. it is proportional to the tempera- 
tuie gradient (/*- being the thermal conductivity). Thus 

TdSjdt = div (k grad T). (32.1) 

According to formula (6.4), the entropy can be written as 

S = S 0 (T) + K*u i{ , 

where a is the thermal expansion coefficient and S 0 the entropy in the 
undeformed state. We shall suppose that, as usually happens, the tempera¬ 
ture differences in the body are so small that quantities such as k, a, etc. 
may be regarded as constants. Then equation (32.1), after substitution of 
the above expression for S, becomes 

BSq duu 

T — -+cx.KT —— = kAT. 
dt dt 

According to a well-known formula of thermodynamics, we have 

C p -C v = Kcc 2 T, 

whence 

CtKT = (Cp— C v )j(X. 

The time derivative of .S' ( , can be written as (dS {) jdT) ■ (dTjdt), where the 
derivative dSo/dT is taken for u,, div u (I, i.e. at constant volume, and 
therefore is ecpial to f 

r.o 
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The resulting equation of thermal conduction is 

3 T C v -C v 3 

C v -+ —-— -divu = k A?. 

dt a dt 


In order to obtain a complete system of equations, it is necessary to add tin 
equation describing the deformation of a non-uniformly heated body. 1 his ih 
the equilibrium equation (7.8): 

2(1 _ a ) grad div u- (1 - 2a) curl curl u = |a(l + a) grad T. (32.3) 

From equation (32.3) we can in principle determine the deformation of the 
body for any given temperature distribution. Substituting the expression for 
div u thus obtained in equation (32.2), we derive an equation giving the 
temperature distribution, in which the only unknown function is T (x, y z, t). 

For example, let us consider thermal conduction in an infinite solid in 
which the temperature distribution satisfies only one condition: at infinity, 
the temperature tends to a constant value Vi,, and there is no deformation. 
In such a case equation (32.3) leads to the following relation between d,v u 
and T (see §7, Problem 8): 

1 a 

divu = n). 

3(1-a) 

Substituting this expression in (32.2), we obtain 


(1 + a)Cp+ 2(1 — 2o)C v 3 T 

3(1 — a) 3 1 


«A T, 


(U.'l) 


which is the ordinary equation of thermal conduction. 

An equation of this type also describes the temperature distribution along 
a thin straight rod, if one (or both) of its ends is free. The temperature may 
be assumed constant over any transverse cross-section, so that / is a <",< mn 
only of the co-ordinate * along the rod and of the time. 1 he thermal expan 
sion of such a rod causes a change in its length, but no departure Iron, at ought 
ness and no internal stresses. Hence it is clear that the derivative AS/U ... 
the general equation (32.1) must be taken at constant pressure and sm.e 
( dSjdt) p = C p jT, the temperature distribution will satisfy the one dim, n 
sional thermal conduction equation CpdT/dt = nd^T/dx 2 . 

It should be mentioned, however, that the temperature distribution ... a 
solid can in practice always be determined, with sufficient accuracy, by a 
simple thermal conduction equation. The reason is that the seemu "» 

the left-hand side of equation (32.2) is a correction of ordc. (f „ ,.)/< , 

relative to the first term. In solids, however, the difference between the Un¬ 
specific heats is usually very small, and if it is neglected the equa.i,. 

thermal conduction in solids can always be written 


dTjdt X A7\ 


(32. S) 
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where \ is the thermometric conductivity, defined as the ratio of the ther¬ 
mal conductivity k to some mean specilic heat per unit volume C. 


§33. Thermal conduction in crystals 

In an anisotropic body, the direction of the heat flux qfis not in general 
that of the temperature gradient. Hence, instead of the formula 

q = — k grad T 

relating q to the temperature gradient, we have in a crystal the more general 
relation 


qt = - xikdTjdx k . (33.1) 

The tensor k^, of rank two, is called the thermal conductivity tensor of the 
crystal. In accordance with (33.1), the equation of thermal conduction (32.5) 
has also a more general form, 


ST a 2 T 

dt ik dx(dx/c 


(33.2) 


A general theorem can be stated: the thermal conductivity tensor is 
symmetrical, i.e. 

Kik = Kki- (33.3) 

This relation, which we shall now prove, is a consequence of the symmetry 
of the kinetic coefficients.^ 

The rate of increase of the total entropy of the body by irreversible pro¬ 
cesses of thermal conduction is 


^ tot = “ I = ~ J div Y dv+ | q-s rad y dv - 

The first integral, on being transformed into a surface integral, is seen to be 
zero. Thus 

Stot = J q-gradl dV = - J* dV, 

or 

r 1 dT 

< 33 ' 4) 

In accordance with the general definition of the kinetic coefficients,:!; we 


f See Statistical Physics, §122. 

| We here ii.se the definition ptivni in blunt !\fn hattit r, §NH. 
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can deduce from (33.4) that m the case considered the coefficients /•”/>« m 


are kinetic coefficients. Hence the result (33.3) follows immediately from the 
symmetry of the kinetic coefficients. 

The quadratic form 

dT 3 T dT 

^ 1 dxi lk dxi dx/c 


must be positive, since the time derivative (33.4) of tlu- entropy mw.i he 
positive. The condition for a quadratic form to be positive is that the eigen 
values of the matrix of its coefficients are positive. I leuce all the pnm ip>d 
values of the thermal conductivity tensor K ik are always positive, this n 

evident also from simple considerations regarding the duvet .I the heat 

flux. 

The number of independent components of the tensor a depends un the 
symmetry of the crystal. Since the tensor k a-, is symmetrical, this number is 
evidently the same as the number for the thermal expansion teusm (§l<>), 
which is also a symmetrical tensor of rank two. 


§34. Viscosity of solids 

In discussing motion in elastic bodies, we have so far assumed that the 
deformation is reversible. In reality, this process is thermodynamically 
reversible only if it occurs with infinitesimal speed, so that thermodynamic 
equilibrium is established in the body at every instant. An actual motion, 
however, has finite velocities; the body is not in equilibrium at every instant, 
and therefore processes will take place in it which tend to return it to eqmli 
brium. The existence of these processes has the result that the motion is 
irreversible, and, in particular, mechanical energy! is dissipated, ultimately 
into heat. 

The dissipation of energy occurs by two means. Firstly, when the tempna 
ture at different points in the body is different, irreversible processes ol t hei m.d 
conduction take place in it. Secondly, if any internal motion occuis m the 
body, there are irreversible processes arising from the finite velocity ol 
that motion. This means of energy dissipation may be referred (<>, as in 
fluids, as internal friction or viscosity. 

In most cases the velocity of macroscopic motions in the body is so small 
that the energy dissipation is not considerable. Such almost iricvcisiblc 
processes can be described by means of what is called the dissipative (uni hon. \ 

| By mechanical energy wr heir menu flie nmn <>l fli<‘ IiiruTit enei^y <>l flu* mmmruopit molimi m 
the elastic hotly nml it.*» (elmtic) potrntiiil rneip.v l" Mn <l<*i«*i rmif i<m. 

■j; See Stati\tical Phv\u\, §12 h 
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If wc have a mechanical system whoso molinn involves the dissipation ol 
energy, this motion can he described hy the ordinary equations ol motion, 
with the forces acting on the system augmented by the dissipative jura’s 01 
frictional forces, which are linear functions of the velocities. These forces 
can be written as the velocity derivatives of a certain quadratic function Y 
of the velocities, called the dissipative function. The frictional force /„ 
corresponding to a generalised co-ordinate q a of the system is then given hy 
f a = — d'¥jdq a . The dissipative function Y is a positive quadratic form in 
the velocities q a . The above relation is equivalent to 

8 Y = -]>, faHa, (34.1) 

a 

where 8Y is the change in the dissipative function caused by an infinitesimal 
change in the velocities. It can also be shown that the dissipative function is 
half the decrease in the mechanical energy of the system per unit time. 

It is easy to generalise equation (34.1) to the case of motion with friction 
in a continuous medium. The state of the system is then defined by a con 
tinuum of generalised co-ordinates. These are the displacement vector u at 
each point in the body. Accordingly, the relation (34.1) can be written in 
the integral form 

SjYdY = - jfiSiiidV, (34.2) 

where/i are the components of the dissipative force vector f per unit volume 
of the body; we write the total dissipative function for the body as J Y dl', 
where Y is the dissipative function per unit volume. 

Let us now determine the general form of the dissipative function Y for 
deformed bodies. The function Y, which describes the internal friction, 
must be zero if there is no internal friction, and in particular if the body 
executes only a general translatory or rotary motion. In other words, the dis¬ 
sipative function must be zero if u = constant oru = filXr. This means that il 
must depend not on the velocity itself but on its gradient, and can contain only 
such combinations of the derivatives as vanish when u = £2 X r. These are 
the sums 

dii i dujc 

fa k + d^’ 

i.e. the time derivatives u-nc of the components of the strain tensor.f Thus 
the dissipative function must be a quadratic function of ««. 'The most 
general form of such a function is 

Y = irjilclmHikthvi- (3 '1 . T) 

Oil till- viscosity of llni.ls it. /•'/»/./ Mirhulih s, tjl-S. 
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Tile tensor iluim, ol tank loot, may he tailed (lie vismsily linsin. Il has the 
following evident symmetry properties: 

Vlklm = ifimik : 7 IkUm — Vikml- (34.4) 

The expression (34.3) is exactly analogous to the expression (10.1) lot the 
free energy of a crystal: the elastic modulus tensor is replaced hy the lensoi 
rjiirfm, and Unc by uik- Hence the results obtained in §10 for the tensor A;/,/„, 
in crystals of various symmetries are wholly valid for the tensor //,;,/,» also, 
In particular, the tensor rjacim in an isotropic body has only two independent 

components, and Y can be written in a form analogous to the express. 

(4.3) for the elastic energy of an isotropic body: 

Y = rfb-tfuMY + UW, (34 '•) 

where t] and £ are the two coefficients of viscosity. Since Y is a posiltw 
function, the coefficients r\ and £ must be positive. 

The relation (34.2) is entirely analogous to that for the clastic lire rnngv, 

SJYdL = — jFiSui dV, where Fi = doujdx/ c is the force ... volume 

Hence the expression for the dissipative force ft in terms ol the teusoi n n 
can be written down at once by analogy with the expression lot Ij in let ms 
of Ha- We have 

fi = do'ik/dxk, (34.h) 

where the dissipative stress tensor o'ik is defined by 

o'He = 9T/d«ffc =-' TjiklmUlm- (31./) 

The viscosity can therefore be taken into account in the equations ot .. 

by simply replacing the stress tensor 07 * in those equation:; by the sum 

otk + o ik- 

In an isotropic body, 

o'ik = 2t)(uuc— $8iJfc««)4- £tt«<W ( ! l H) 

This expression is, as we should expect, formally identical with that lot tin 
viscosity stress tensor in a fluid. 

§35. The absorption of sound in solids 

The absorption of sound in solids can be calculated in a nianiici enlitely 
analogous to that used for fluids.-( 1 fere wc shall give the calculations 1 m an 
isotropic body. The thermal-conduction part of the energy dissipation 
/Wcit is given hy the integral - (ic/Y') f(grad 7')"df . On account of viscosity, 
an amount of energy 2 Y is dissipated per unit time and volume, so that the 
total viscosity part of /w,i, is —2J YdT. Using the expression (31.5), w< 

57V 


| Cf. the entirely analogous arguments 


f See hiunI Ala Ini 
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i. I (R r :ul 7')“ dl 2tj j (u ih ^uMu) 2 (I V /'J it a 1 dE. (35.1) 

I n calculate the temperature gradient, we use the fact that sound oscilla¬ 
tions are adiabatic in the. first approximation. Using the expression (6.4) loi 
• he entropy, we can write the adiabatic condition as ,S\>( T) + Katin = Sa(Tu), 
" here /'„ is the temperature in the undeformed state. Expanding the diflei 
< nee .S' ( ,(7') .S'|,(7' 0 ) in powers of T 7’o, we have as far as the first-ordei 

teims ,S’(i(7 ) »S’o(7o) (7’ To)dSoldT 0 - C v (T-T 0 )ITo. The derivative 

nl tin entropy is taken for uu 0, i.e. at constant volume. Thus 


t bung also the relations K 
we can rewrite this result as 


TolKu u IC v . 

— C v K- M \jC v and K^/p = cp-AccjS, 


Tap(q 2 - 4c ( 2 /3) 


I -el us first consider the absorption of transverse sound waves. The 
i h< i iiial eonduetion cannot result in the alisorption of these waves (in the 
appi oximation considered), f or, in a transverse wave, we have up = 0, and 
theielme the temperature in it is constant, by (35.2). Let the wave be propa¬ 
gated along the ,v-axis; then 

(I, III, 111),I COs(/vW lot), U z = U()z cos(kx— oot), 

and the only non-zero components of the deformation tensor are 
"in Uiih),, sin(Aw <ot), iixs 1 - lkilo z sin(kx—cot). 

We shall consider the energy dissipation per unit volume of the body; the 
(tune) average value ol this quantity is, from (35.1), 

/'-'meet, - L / 0>' 1 (//,),/ ! | H(( z 2 )/c ( 2 , 

"here we have put k io/c/,. The total mean energy of the wave is twice 
the mean kinetic energy, i.e. 


loi unit volume we hav< 


F. \.pin ; {iio,r i no/). 


I lie sound absorption eucllicienl is delmed as the ratio ol the mean energy 
dissipation to twice the mean energy fills, in the wave; this quantity given 
the mniniei ol v.inalion ol lie ware .imphtiide with distance. The amplitude 
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decreases as e~ 7x . Thus we find the lollowing expression for the absorption 
coefficient for transverse waves: 


yt = ||Emech| jCfE = rjco 2 /2pct 3 . (35.3) 


In a longitudinal sound wave u x = Uo cos(kx—tot), u y = u z = 0. A 
similar calculation, using formulae (35.1) and (35.2), gives 


f/4 

{{? +l 


k Ta?p‘ l c{ 1 1 , 4c t 2 
+ C^V ~ 3V 


These formulae relate, strictly speaking, only to a completely isotropic and 
amorphous body. They give, however, the correct order of magnitude for 
the absorption of sound in anisotropic single crystals also. 

The absorption of sound in polycrystalline bodies exhibits peculiar proper¬ 
ties. If the wavelength A of the sound is small in comparison with tin- 
dimensions a of the individual crystallites, then the sound is absorbed in 
each crystallite in the same way as in a large crystal, and the absoiplion 
coefficient is proportional to to 2 . 

If A > a, however, the nature of the absoiplion is dilleicnt. In sm h .i 
wave we can assume that each crystallite is subject to a mnlm mlv dr.ti ihnn d 
pressure. However, since the crystallites are auisoliopu , and ■.<> ai< tic 

boundary conditions at their surfaces of contact, the icudiing d< 1 . i e 

not uniform. It varies considerably (by an amount ol the same "ido •' 
itself) over the dimension of a crystallite, and not over one wavelength a-, m a 
homogeneous body. When sound is absorbed, the rates ol change ol tin 
deformation (upc) and the temperature gradients are of importance. < >1 
these, the former are still of the usual order of magnitude. The temperature 
gradients within each crystallite are anomalously large, however. Hence the 
absorption due to thermal conduction will be large compared with that due to 
viscosity, and only the former need be calculated. 

Let us consider two limiting cases. The time during which the temperature 
is equalised by thermal conduction over distances ~ a (the relaxation time 
for thermal conduction) is of the order of a 2 lx- Let us first assume that 
co < x/ fl2 - This means that the relaxation time is small compared with the 
period of the oscillations in the wave, and so thermal equilibrium is nearly 
established in each crystallite; in this case we have almost isothermal oscilla¬ 
tions. 

Let T' be the temperature difference in a crystallite, and TV the corres¬ 
ponding difference in an adiabatic process. The heat transferred by thermal 
conduction per unit volume is — divq = k£\T' ~ kT'/V. The amount of 
heat evolved in the deformation is of the order of TqC ~ wTo'C, where 
C is the specific heat, liquating the two, we obtain T ~ T 0 'toa 2 jx■ The 
temperature varies by an amount of the order of T' over the dimension of 
the crystallite, and so its gradient is of magnitude ~ T'ja. finally, 7V is 
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loiind hum (35.2), with u u — kit - u/r (u being tin- amplitude <>f die 
displacement vector); 

'/o' ~ 7 «/>n,>///<"; (35 S) 

m obtaining orders of magnitude, we naturally neglect the difference between 
the various velocities of sound. Using these results, we can calculate the 
energy dissipated per unit volume: 


/'.'max ~ --(grad 7') 2 



I )ividing this by the energy flux cE ~ cpoEtt 2 , we find the damping coefficient 
to he 


y ~ TcPpccPufilxC for m < x /a 2 (35M) 

(U. Zener 1938). Comparing this expression with the general expressions 
(35.3) and (35.4), we can say that, in the case considered, the absorption of 
sound by a polycrystallinc body is the same as if it had a viscosity 

i] ~ 7’a 2 p 2 c 4 <r 2 /yC, 

which is much larger than the actual viscosity of the component crystallites. 

Next, let us consider the opposite limiting case, where u> > x ja 2 - In other 
wools, the relaxation time is large compared with the period of oscillations 
m the wave, and no noticeable equalisation of the temperature differences 
<luc to the deformation can occur in one period. It would be incorrect, 
however, to suppose that the temperature gradients which determine the 
absorption of sound are of the order of T 0 'ja. This assumption would take 
mlo account only thermal conduction in each crystallite, whereas heat ex¬ 
change between neighbouring crystallites must be of importance in the case in 
question (M. A. Ikakovic ii 1948). If the crystallites were thermally insulated 
the temperature differences occurring at their boundaries would be of the 
■ ."lie order '/V as those within each individual crystallite. In reality, however, 
tin- boundary conditions require the continuity of the temperature across 
ih< sm lace separating two crystallites. We therefore have “temperature 
waves propagated away from the boundary into the crystallite; these are 
damped at a distance)' 8 ~ y (A'/"’)• *" die case under consideration <S ■ 
i e. the main temperature gradient is of the order of 7V/.S and occurs ovci 
distances small compared with the total dimension of a crystallite. The cor 
i< .ponding fraction ol the volume ol the crystallite is o'’,s ; taking the ratio 


I ll <»»V l><- h i all.-,I itial, ,1 a it....tty ,„ii.Iii,Iiii, : inr.li.im |,y plan.- v 0 

7 h " ' l “' r,, ' r '"‘ ""M'-'ial,,,, ... ally I„„, I., T T„r i-t. It,,-,, ll„- , 

... 1 . ».** I ■ 11111 I-I iav.il I. v ll„- "I.-Iiipr■ III 111.- iv a rr " 7 V ,">f ,■ (I I i)v 

b'hiiil l\ If, huttus, Ijh,'. 
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of this to the total volume ~ a \ uc find the mean energy dissipation 


k / 7' 0 '\ 2 77 2 <3 

nT/ 


ir To ' 2 
Tad ‘ 


Substituting for To’ the expression (35.5) and dividing by cE ~ cpto 2 u 2 , we 
obtain the required absorption coefficient: 

y ~ 7'a 2 pcy' ( X oj)jaC for <o > x ja 2 . (35.7) 

It is proportional to the square root of the frequency.f 

Thus the sound absorption coefficient in a polycrystalline body varies as 
at 2 at very low frequencies (o> X /a 2 ); for x /a 2 co eja it varies as -\/oj, 

and for tu > c/a it again varies as aA 

Similar considerations hold for the damping of transverse waves in thin 
rods and plates (C. Zener 1938). If h is the thickness of the rod or plate, 
then for A > h the transverse temperature gradient is important, and tin- 
damping is mainly due to thermal conduction (see the Problems). If also 
a* y//t 2 , the oscillations may be regarded as isothermal, and therefore, m 
determining (for example) the characteristic frequencies of vibrations of tin- 
rod or plate, the isothermal values of the moduli of elasticity must be used. 


PROBLEMS 

Problem 1. Determine the damping coefficient for longitudinal vibrations ,>l a rod. 
Solution. The damping coefficient for the vibrations is defined as jl |/’.'m,-.ii|/!!/'•'; 
the amplitude of the vibrations diminishes with time as 

In a longitudinal wave, any short section of the rod is subject to simple extension or com¬ 
pression; the components of the strain tensor are u zz — diiz/dz, u X x = u yv — — <7 :ii \du z jr)z. 
We put u z = u 0 cos kz cos lot, where k = tu/\/(-Bad/P)- Calculations similar to those given 
above lead to the following expression for the damping coefficient; 


OJ 2 j 7 ] 3ci 2 -W lc? kTolY] 

2p\3 (c l 2 -c t 2 )c t 2+ (c, 2 - c , 2 )( 3cP-W) + 9Cp 2 )' 


Her© we have written 2? aC i and <7 a d in terms of the velocities cj, ct by means of formulae (22.4). 
Problem 2. The same as Problem 1 , but for longitudinal oscillations of a plate. 
Solution. For waves whose direction of oscillation is parallel to that of their propagation 
(the x-axis, say) the non-zero components of the strain tensor are 


U xx = dllxjdx, U zz = — [cr a d/(l - a*<l)]du x /dx; 


see (13.1). The velocity of propagation of these waves is vd-Bad/pCl —"ad’)]- A calculation 
gives 


«> 2 (V 3q 4 J h4c t 4 ~6ci 2 ct 2 fa 2 K Ta 2 P 2 (\ + 

2 /< 13 terrier -- c, 2 ) c, 2 (c, 2 - c t 2 ) + 9C P 2 


t Hie same frequent v dependentr i t I « >ti* ■«I lot flu* ahunipl ion of sound propagated in a fluid near 
a Holid wall (in u pipr. bu nritiinie), nrr i'luul Mr, ham, 1,7/, IToUrnis. 
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For waves whose direction of oscillation is perpendicular to the direction of propagation, 
«u = 0, and the damping is caused only by the viscosity ij. In this case the damping < orlli 
cient is /3 — 7/a> 2 /2pcc 2 . This applies also to the damping of torsional vibrations of iods 

Problem 3. Determine the damping coefficient for transverse vibrations of a rod (with 
frequencies such that to xllr, where h is the thickness of the rod). 

Solution. The damping is due mainly to thermal conduction. According to §17, wo have 
for each volume element in the rod u zz — xjR, u xx = u yy = —a xll xjR (for bending in the 
xz- plane); for ui x//j 2 , the vibrations are adiabatic. For small deflections the radius o! 
curvature R = 1 IX", so that j| (< = (1 —2<j 3 ,i)xX", the prime denoting differentiation with 
respect to z. The temperature varies most rapidly across the rod, and so (grad '/')■ 
X(dT/dx) 2 . Using (35.1) and (35.2), we obtain for the total mean energy dissipation in tho 
rod —( kTcc-E^S^C,, 2 ) JX" 2 dz, where S is the cross-sectional area of the rod. The incaii 
total energy is twice the potential energy E & &Iy f X" 2 dz. The damping coefficient is 

p = xToPSE^imiyCy. 


Problem 4. The same as Problem 3, but for transverse vibrations of a plate. 
Solution. According to (11.4), we have for any volume element in the plate 


Uii = - 


l-2oad 9 2 £ 

1 — dad dx z 


for bending in the xz-plane. The energy dissipation is found from formulae ( 35 .1) and (5.7) 
and the mean total energy is twice the expression (11.6). The damping coefficient is 


2#c7a 2 2?ad 1 + dad 2kTo 2 p (3^ 2 — 4dt 2 ) 2 q 2 

~3C v 2 h 2 ~ T^Trad = 3Cp 2 A 2 ’ (c^-c^q 2 ' 


Problem 5. Determine the change in the characteristic frequencies of transverse vibrai ions 
of a rod due to the fact that the vibrations are not adiabatic. The rod is in the form of » 
long plate of thickness h. The surface of the rod is supposed thermally insulated. 

Solution. Let T & &{x, t) be the temperature distribution in the rod for adiabatic vibm 
tions, and T(x, t) the actual temperature distribution; x is a co-ordinate across the thickness 
of the rod, and the temperature variation in the yz-plane is neglected. Since, for T — T nl \, 
there is no heat exchange between various parts of the body, it is clear that the thermal con 
duction equation must be 


d d 2 T 


For periodic vibrations of frequency at, the differences T a( j = T a( j — T 0l r — T- 7 ’ 0 from 
the equilibrium temperature T 0 are proportional to e~ iut , and we have d'+iatr/x = i<.it. 1(1 /x, 
the prime denoting differentiation with respect to x. Since, by (35.2), t : i is proporliouul 
to uu, and the components Uik are proportional to x (see §17), it follows that r a( j = Ax, wluir 
A is a constant which need not be calculated, since it does not appear in the final result. Tim 
solution of the equation t” -\-iutrjx = io>Ax/x, with the boundary condition r' - 0 Lit 

x = ± ih( the surface of the rod being insulated), is 

/ sill hx \ 

t = A\x A t(| lA J, A- (1 I /M">/2x). 

The liimm ill M„ ill III, inlmi.il I,. , f.. in .I bull in (I., a v. plane l a impose,I ol 

t lir i‘.t ►! Imi it till | >n 1 1 /l(i « llx x.ilm l<>. i .otlin m.il l>« n,|u.,<) ,,n.l lh< pail due lo ihc 
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non-uniform heating of the rod. 11 A/y (a Q is the moment in adiabatic bending, the secoml 
part of the moment is reduced from — M Vt i HO in the ratio 

hh i h 

1 + f(co) = j ZTdz/j ZT & a dz. 

-i ft -i h 


Defining the Young’s modulus E a for any frequency at as the coefficient of propoi Humility 
between M y and Iy/R (see (17.8)), and noticing that E^—E = E 2 Ta.*l')C, (see (<>-«); K is 
the isothermal Young’s modulus), we can put 

E a = E+[l +f(a))]E 2 Ta. 2 l < )Cp. 

A calculation shows that /(to) = (24lk 2 h 2 )(\kh — tan \hh). For <■> ► W e olitnin / — I. 
which is correct, since i?oo = Fad > an( 3 for at -> 0,f — 0 and Is. 

The frequencies of the characteristic vibrations are proportional lo the nquuie loot ,,l lln. 
Young’s modulus (see §25, Problems 4-6). Hence 

r A'V'or 

co — wo j^l +f(<»o) 


where <u 0 are the characteristic frequencies for adiabnlie vibiiitnmii. 'I'lui vulur ol m 
complex. Separating the real and imaginary parts (<„ I </l), wc find tlm ilium, i,.ii„n. 

frequencies 

ETa 2 1 sinh £ sin / I 
3 C p £ 3 cosh £ + cos/; I 

and the damping coefficient 



2ETa?x L 1 sinh £+sin £ j 

^ 3C p h 2 l i cosh £ +cos/;]’ 

where i = hV^ol^x)- 

For large f the frequency at tends to ot„, as it should, and the damping coellicirul to 
2£Ta 2 x/3C,Ii a , in accordance with the result of Problem 3. 

Small values of f correspond to almost isothermal conditions; in this case 


and the damping coefficient fl = lsTx : /C‘ cv 0 "/l 80C„x. 


§36. Highly viscous fluids 

For typical fluids, the Navier-Stokes equations are valid il the pci iodic ol 
the motion are large compared with times characterising the molecules. Thin, 
however, is not true for very viscous fluids. In such fluids, the usual equations 
of fluid mechanics become invalid for much larger periods of the motion. 
There are viscous fluids which, during short intervals of time (though these 
are long compared with molecular times), behave as solids (for instance, 
glycerine and resin). Amorphous solids (for instance, glass) may he regarded 
as a limiting case of such fluids having a very large viscosity. 

The properl ies of these fluids eao he described by (he following method, 
due |o IV! ax WIT!.. They are elasl it ally deformed during short intervals ol time. 




When the (Idommtion (discs, .,lic;n nIicsmi-m remain m them, although llie-.e 
are damped in (lie emirse ol lime, so llial afler a snilieieiUly long lime alums! 
no internal stress remains in the llnid. I ,et r he of the order of (lie time dm nip 
which the stresses are damped (sometimes called the Alaxwellutn vtiuxtil um 
time). Let us suppose that the fluid is subjected to some variable external lore s, 
which vary periodically in time with frequency to. If the period I /„> is large 
compared with the relaxation time r, i.e. cor 1, the fluid under consideral mi, 
will behave as an ordinary viscous fluid. If, however, the frequency o, is sulh 
ciently large (so that tor > 1), the fluid will behave as an amorphous solid. 

In accordance with these “intermediate” properties, the fluids in question 
can be characterised by both a viscosity coefficient rj and a modulus of 
rigidity /t. It is easy to obtain a relation between the orders of magnitude ol 
rj, fj. and the relaxation time r. When periodic forces of sufficiently small 
frequency act, and so the fluid behaves like an ordinary fluid, the stress tensor 
is given by the usual expression for viscosity stresses in a fluid, i.e. 

oik = 2-qil ik = — 2iojrjU ik . 

In the opposite limit of large frequencies, the fluid behaves like a solid, and 
the internal stresses must be given by the formulae of the theory of elasticity, 
i.e. a ik = 2[Mac ; we are speaking of pure shear deformations, i.e. we assume 
that tin = an — 0. For frequencies to ~ 1/r, the stresses given by these 

two expressions must be of the same order of magnitude. Thus rju/Xr ~ jum/A, 
whence 

V ~ t/x. (30. i) 

This is the required relation. 

Finally, let us derive the equation of motion which qualitatively describes 
the behaviour of these fluids. To do so, we make a very simple assumption 
concerning the damping of the internal stresses (when motion ceases): 
namely, that they are damped exponentially, i.e. dcr^/ch = - a^/r. In a 
solid, however, we have a ik = 2fj,u ik , and so da ik jdt = 2/xdu^/d/. It is easy 
to see that the equation 

dcifc a ik d Ui/c 

~T~ + -= 2/j .—-— (30.A) 

dt r dt K 


gives the correct result in both limiting cases of slow and rapid motions, and 
may therefore serve as an interpolatory equation for intermediate cases. 

For example, in periodic motion, where u ik and o ik depend on tile time 
through a factor e~ i<ot , we have from (36.2) -itoa ik + a ik \T = -2 ito/utn, 
whence 


&ik 


2\>M[ k 

1 + ij cot 


(3n.3) 


For tor > 1, this formula gives a ik = 2 fiu ik , i.e. the usual expression lot 
solid bodies, while for wt < 1 we have , Hk 2ito,tTU, k 2/cr///*, I In- 
usual expression for a fluid of viscosity /it. 
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elastic waves in 106-108 
free energy of 37-41 
thermal conduction in 152—153 
thermal expansion of 42 
uniaxial 42 


I lamping, .v<r Absorption 
] Deformation 1 


Deformation (continued) 
adiabatic 16-17, 101 
on contact 30 37 
due to dislocation 123 1 11 
elastic 8 

homogeneous 13 15 
of in finite medium 29 
isothermal 10 17 
plane 19 20, 21 
plastic 8, 135 

icsidnal 8 
ol shell-. 02 OK 

with t hange ol lempemlme I ’> 1/ 

I hci mudynamic relation loi 9 
thermodynamics <>( M 9 
torsional 09 

I >i:.lo< at ions (IV) 12.1 I 19 

continuous dish ilmtinii <»l I H I 19 
density tensor I U 

I 

Ilux density tensor l 17 
interacting 139 113 
moment tensor 127 
polarisation 138 
screw 12*1 
sign of 121 n. 
in stress field 131 13 I 
wall 131 

Displacement vector l 
Dissipative 
forces 151 
funet ton 1 53 

1 Distort ion tensor i 25 


I .last i< 

instability 9/ 
line // 

modulus tensor 37; wr <//w> Modulus 
oscillations, see f.lastu waves 
plane 53 

waves (111) 101 122 

ahsorpt ion o| 1 V> I (> 1 
anharmome 119 122 
bending 111 115 
in d ystals !()(► 108 
damping ol 155 1M 
in isotropi< media 101 I0<> 
longitudinal 102, 1(3 111 
Kayleigh 109 |I3 

refits lion and retraction of 10 I 10'» 
m toils and plates 113 1 18 
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I (cl 

Elastic waves (cnnlhnirtl) 
surface 109—11.1 
torsional 115-116 
transverse 102, 114-115 
Energy 

bending 58 
for shell 62-65 
stretching 58 
for shell 62-65 
see also Free energy 
Equilibrium 
equations of 7 

for infinite medium 29 
for isotropic bodies 18 
for membranes 61 
for plates 49, 54, 60, 61 
for rods 82-83, 85, 89 
of elastic half-space 25-29 
of isotropic bodies 17-25 
of rods and plates (II) 44-100 
Extension 

coefficient of 13 
modulus of 13 
of rods 13-15 


Free energy 

of deformed body 10-11, 16, 122 
of deformed crystal 37-41 
elastic lln. 
of bent plate 46, 59 
of bent rod 77,80 
of unilaterally compressed rod 15 
of stretched rod 14 
of twisted rod 72, 80 
Frictional forces 154 


Group velocity of waves 107 

Hooke’s law 12 
Hydrostatic compression 6,10 
coefficient of 12 
modulus of 11 


Isothermal moduli 16-17 


Lami coefficients 10 


Maxwellian relaxation time 162 

Membrane 61,63 

Modulus 

adiabatic 16 17 
bulk I I 


Modulus 

of con,pic ;-.... 

clastic 

for crystals 37 13 
for polycrystallinc bodies 41 12 
of extension 13 
of hydrostatic compression 1 I 
isothermal 16-17 
of rigidity 11 
shear 11 
Young’s 13 

for cubic crystals 43 

Neutral surface 44, 75 
Notation viii 

Plates 

bending of 44-53, 58-62 

equation of equilibrium for 49 
clamped 49-50 
large deflections of 58-62 
longitudinal deformations of 53-57 
supported 51 
thin 44 

vibration of 113-118,159 
Poisson’s ratio 13 


Rayleigh waves 109-113 
Reflection and refraction of elastic waves 
103-105 
Rigidity 

cylindrical 49n. 
flexural 49n., 90 
modulus of 11 
torsional 72 
Rods 

bending of 75-97 
clamped 83 

equations of equilibrium for 82-83, 85. 
89 

extension and compression of 13—15 
hinged 84 

small deflections of 89-97 
supported 84 
torsion of 68—75, 78-97 
vertical, deformation of 20 
vibration of 113—118, 159-161 


Shear 

modulus 11 
pure 10 

Shearing force 89 
Shells 62 

(lelni itinl ion ol 62 68 

Slip plane 133 

Stability ol rhr.ln systems 65. 97 100 
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Strain tensor 2 I 

in cylindrical co-ordinates I 
diagonalisation of 2 
principal axes of 2 
principal values of 2 
in spherical co-ordinates 3 
in terms of stress tensor 12, 14, 15 
Stress function 20, 54 
Stress, plane 54n. 

Stress tensor 5—7, 11 
mean value of 7 

in terms of strain tensor 11, 14, 37 
Stresses 

concentration of 25, 57 
internal 4 

moment of 5—6 
Strings 92 
Summation rule In. 

Surface waves 109—113 


Tensor ellipsoid 42 
Theory of elasticity 1 

fundamental equations of (I) 1-43 

Thermal conduction 
in crystals 152-153 
in solids 150-153 
Thermal conductivity tensor 152 
Thermal expansion 15-17 
in crystals 42 
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angle 69. 79 
function 69 
of rods 68-75, 78 97 
Torsional 
rigidity 72 
vibration 115-116 


Velocity of sound 
longitudinal 102 
transverse 102 
Vibration 

anharmonic 119 122 
of rods and plates 111 118 
torsional 115-116 
Viscosity 

high, in fluids ltd 167. 

of solids 153 155 
tensor 155 


Waves, sir Elastic waves 


Young’s modulus 13 
for cubic crystals 13 



